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Abstract

This report describes progress in research on an autonomous robot for planetary explo-
ration performed during 1991 at the Robotics Institute, Carnegie Mellon University. The
report summarizes the achievements during calendar year 1991, and lists personnel and
publications. In addition, it includes several papers resulting from the research.

Research in 1991 focused on understanding the unique capabilities of the Ambler mech-
anism and on autonomous walking in rough, natural terrain. We also designed a sample
acquisition system, and began to configure a successor to the Ambler.

Understanding Mechanism Capablities — In 1991 we concluded an investigation of
the interaction between the Ambler and the terrain. This work led to new stability
measures, novel force redistribution models, and reactive control schemes. In order to
quantify the performance of the Ambler, we measured the power consumption of the
Ambler while walking, and while raising and lowering the body. We also calibrated
more exactly the kinematics of the mechanism.

Autonomous Walking — The experimental program in walking on rough terrain contin-
ued and expanded. Highlights include the following:

e Long-term autonomous walking over challenging terrain, including a live demon-
stration to sponsors.

e Autonomous walking outdoors, including night-time navigation.

o Installation of all computing and electronics on-board the Ambler.

Sample Acquisition — In 1990 we demonstrated sampling capabilities on a testbed sep-
arate from the Ambler. In 1991 we designed a sampling system for the Ambler. It
consists of a commercial manipulator, a short-range light-stripe sensor, and a storage
receptacle. The arm and sensor are mounted on the horizontal link of a leg, rather than
underneath a body. This design was not fabricated during 1991 for financial reasons.

Configuration of a Successor to the Ambler — We began to configure an integrated
lander/walker for planetary exploration. This preliminary work is incomplete, and we
expect this topic to be one of the central concerns for the research program in 1992.




1 Introduction

This report reviews progress during 1991 at the Robotics Institute, Carnegie Mellon Univer-
sity, on research sponsored by NASA titled “Autonomous Planetary Rover.” This program
to develop an Earth-based prototype of an autonomous planetary rover is organized around
three teams that are developing the locomotion, perception, and planning subsystems. A
joint task is to integrate the three subsystems into an experimental robot system. We will
use this system for evaluating, demonstrating, and validating the concepts and technologies
developed in the program.
The technical objectives of the research include the following:

¢ To develop and demonstrate an autonomous Earth-based mobile robot that can survive,
explore, and sample in rugged, natural terrains analogous to those of Mars.

e To provide detailed, local representations and broad, 3-D descriptions of rugged, un-
known terrain by exploiting diverse sensors and data sources.

e To demonstrate robot autonomy through a planning and task control architecture that
incorporates robot goals, intentions, actions, exceptions, and safeguards.

This report is organized as follows. The next four sections describe key accomplish-
ments of the project research from January 1991 to December 1991. These accomplishments
span four research areas: 1) understanding the capabilities of the Ambler mechanism, 2)
autonomous walking, 3) sample acquisition, and 4) preliminary configuration of a succes-
sor to the Ambler. The report lists the members of the research group in Section 6, and
their publications in Section 7. Finally, the report includes detailed papers representative of
specific areas of research.

2 Understanding Mechanism Capabilities

2.1 Walker/Terrain Interaction

Walker/terrain interaction underlies all of the stability and reliability issues associated with
walking on unstructured, natural terrain. In his Ph.D. thesis [66], Peter Nagy employed
modeling, simulation, analysis, and experiments to investigate and characterize this inter-
action in the context of reliable, autonomous walking on natural terrain, where irnportant
effects include 1) ground compliance, and 2) supports that might fail due to slope failures,
slipping off the edges of rocks, or the like.

Walker/terrain issues that were investigated in the thesis are combined to form a viable
walking prescription, where the state of the walker is continuously monitored, and used
to characterize the nature of the walker/terrain interaction. One characterization of the




interaction is by walker stability; for this, Nagy developed new stability measures that take
into account the effects of compliant terrain. If the interaction is favorable, planned machine
motions may be executed by using nominal control, which is normally used to control the
walker on natural terrain. If the interaction is unfavorable, feet are repositioned to place the
walker in a more favorable stance.

It may be necessary to accept some poor footholds in order for a walker to progress; in
these instances force redistribution models—that describe how vertical forces redistribute
under a set of compliant feet due to body motion—may be used to ensure the stability of
subsequent motions. This conservative method of carrying out walker motions is detailed in
Appendix A.

If anomalous conditions arise that may affect the stability of the walker—such as sup-
port failures, unexpected foot forces, and low stability—reactive control is employed. The
structure of the reactive controller is shown in Figure 1.

Portions of the both reactive and nominal control have been implemented, and the on-
going debugging and progression of the walking prescription is leading to more reliable
autonomous locomotion on unstructured terrain.

2.2 Power Consumption

One of the central considerations in developing the Ambler has been energy efficiency (sce
Appendix D). In 1991, we acquired power consumption data for the current implementation
of the /.mbler design.

To measure power consumption, we installed a digital power meter on the line between
the 208 V supply and the Ambler. We digitized the analog output of the meter at 10 Hz,
and synchronized the readings with the real-time robot cuntroller. We then commanded the
Ambler to perform various motions, and recorded the sum of tue three phases of effective
power.

Figure 2 illustrates the power consumed while walking 2 m in four steps on sandy terrain.
The figure reveals that circulating a single leg consumes 150 W, and that propelling the body
horizontally at 7.5 cm/sec (roughly one-half the maximum velocity) requires 600 W. To our
knowledge, this level of propulsive power is unprecedented for a 2500 kg vehicle traversing
rough terrain. The figure shows that the steady-state power consumption of the motors,
amplifiers, and associated electronics is abouvt 1400 W. Using more efficient components,
particularly multiplexor power supplies and servo amplifiers, could substantially reduce this
steady-state power draw.

Figure 3 illustrates the power consumed while raising and lowering the body at different
rates. The figure shows that lifting the body at 7 em/s (maximum velocity) consumes ap-
proximately 1800 W. Lifting the body, power consuuiption increases approximately linearly
with velocity. Lowering the body, power consumption is constant and equal to the steady-
state level, because lost potential energy is dissipated as heat by the amplifiers. As shown
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Figure 2: Power consumption during walking cycle
Power consumed while walking 2 m in four steps on sandy terrain. The distance that the body
moves is 50 cm. The peak body velocity is 7.5 cm/sec (4.5 m/min).

in Figure 3d-f, the power profile does not depend significantly on acceleration. From the
experimental data, we computed the efficiency of the mechanism as the ratio of mechanical
output power to measured input electrical power. While lifting the body at 7.5 cm/sec, the
efficiency is 70% [3].

2.3 Kinematic Calibration

Other advances in 1991 have refined our models of the Ambler mechanism, and quantified
them more exactly. We calibrated separately each of the six Ambler legs, identifying offsets
and gear ratios related to the “sag” of the body, and “spread” of the two central shafts under
load. The calibration improved the accuracy of dead reckoning from 3.5 cm/step to less than
1 c¢m//step.

3 Autonomous Walking

Major accomplishments in 1991 include autonomous walking outdoors, autonomous walking
at night, and autonomous long-duration walking.

In September of 1991, the Ambler ventured outdoors for the first time, walking in the
parking lot adjoining the Planetary Robotics Building (Figure 4). In one afternoon, it took
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Figure 3: Power consumption during vertical body motion
Power consumed while raising and lowering the body 1 m at different velocities and accelerations:
(a) 2 cm/s, 1 cm/s?, (b) 4 cm/s, 1 ecm/s?, (c) 6 cm/s, 1 cm/s?, (d) 7 cm/s, 1 cm/s?, (e) 7 cm/s, 10
cm/s?, (f) 7 cm/s, 100 cm/s2.

100 steps along a gently curving arc, traveling about 25 meters over a variety of obstacles,
including wooden boxes and ramps. The software system operated for about six consecutive
hours.

Another first in 1991 was for the Ambler to walk at night, without lights. The scanning
laser rangefinder does not require ambient illumination, unlike the human eye and ordinary
cameras. In fact, the laser rangefinder images are sharper at night than during the day,
because the signal-to-noise ratio is higher without ambient illumination. With this sensor,
the Ambler can operate 24 hours a day, independently of lighting conditions.

During the Fall of 1991 the Ambler set new endurance records walking over an obstacle
course—rolling, sandy terrain studded with numerous large boulders and a long wooden
ramp—inside the Planetary Robotics Building. It walked a number of “figure-eight™ circuits,
ecach covering about 35 meters and 550 degrees of turn. In one three-day trial without being
reset, it took 300 steps, traveling about 100 meters.

In addition, the Ambler autonomously crossed over a 1.5 meter tall, 4 meter long boulder.
To achieve this, the software system automatically raised the height of the Ambler to near
full extension.
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Figure 4: Ambler walking outdoors




3.1 Mechanism and Real-Time Control

In 1991 all computing for perception, planning, and control was installed on-board. Three
Sun workstations provide the computing for perception and planning. Two processors and
nine motion control boards provide real-time control. As a consequence of this migration,
the tether was reduced to a power line and thin ethernet.

Other mechanism changes included installing two new shoulder gears, replacing the signal
multiplexing system, changing from analog to digital force sensing, and installing a camera
for visual position estimation.

Significant extensions of the real-time controller occurred in 1991. One extension imple-
mented horizontal leg-terrain collision handling, so that significant horizontal forces cause
all motions to terminate. Another extension implemented automatic leveling, so that sig-
nificant tilt (measured by on-board clinometers) cause corrective leveling movements by the
Z-axes. A third extension implemented velocity profiling for leg moves, producing smoother
and faster motions.

3.2 Perception

In 1991, we directed the manufacturer of the Perceptron scanner to modify the avalanche
photo-diode circuits in the device. The changes substantially reduced the range drift due
to thermal excitation that caused many problems in 1990 (see Appendix B). In conce ¢
with these hardware improvements, we implemented a new terrain mapping system that
constructs maps in a reference frame affixed to the Ambler rather than in a fixed reference
frame affixed to an arbitrary point. Other developments include supporting video input,
managing memory usage, and achieving concurrency by interleaving map computations with
1mage access.

Work on position estimation evolved in three directions during 1991. First, we completed
the implementation and evaluation of dead reckoning. Second, we developed a procedure
to identify the position and orientation of the Ambler from a single image acquired by
a black-and-white CCTV camera mounted on the robot. The approach requires knowing
in advance the positions of “landmarks,” which were structural features of the Planetary
Robotics Building, such as windows and doors. Third, we implemented a position history
mechanism that records dead reckoned and visually reckoned position estimates.

In a more theoretical vein, in 1991 we developed an approach to model rough terrain with
fractal functions. We implemented algorithms to compute the fractal dimension of terrain
viewed with scanning laser rangefinders, and tested them successfully on real Perceptron
images.

-1



3.3 Planning

In 1991 we continued to develop the hierarchy of planning algorithms for trajectories, gaits,
leg recoveries, and footfalls. For trajectory planning, we implemented a simple technique
for choosing arcs to traverse, and incorporated it into the graphical user interface (cf. next
section).

For gait planning, we re-modularized the existing planner to streamline the control flow of
the walking system and to facilitate incorporation of different planning algorithms (at least
three have been developed). In addition, we developed a new constraint analysis method,
and used it to implement a simple “crab” (side-to-side) gait plus an algorithm to shuflle
the legs into standard configurations while maintaining conservative stability. Finally, we
investigated the use of the energy stability margin to plan the most stable body move.

We completed testing and evaluating the neural-net footfall learning algorithm, and in-
corporated its results in the footfall planning module. See Appendix C for details.

3.4 Task-Level Control

Substantial progress in execution monitoring, error detection, and error recovery was achieved
in 1991, thus expanding the Ambler’s repertoire of software safety features. Error detection
has been implemented for the following conditions:

e Kinematic limits. This required developing an accurate as-built model of the Ambler
and using the model to to predict leg/leg and leg/body collisions in real-time.

e Stability problems. This required first developing an accurate model of the Ambler’s
weight distribution, in order to compute the center of gravity and to evaluate instan-
taneous stability, and then implementing a stability monitor that watches commands
going to the Ambler and rejects those that would cause tipover.

e Unstable footholds. We developed an algorithm that uses a neural net, trained on
actual data from the Ambler, to analyze the forces ex»erienced when legs contact the
ground.

e Unanticipated terrain collisions.
e Intermittent hardware faults.

Error recovery strategies have been implemented that enable the Ambler to continue after
fallures. The strategies include the foliowing:

e Retrying leg moves. When an unstable foothold is detected, the Ambler moves the leg
in the vicinity until a stable foothold is reached.




e Replanning moves. In concurrent operation, the Ambler plans ahead several leg and
body moves. When the time comes to execute a move that was planned some time ago,
there may be a difference between the actual and projected body geometry. In this
case, the Ambler kills off the planned moves, and restarts planning {rom the current
configuration.

¢ Lifting the body. When planned motion is impeded by tall obstacles, the Ambler
generates and executes plans to elevate itself enough to clear the obstacles.

¢ Shuffling the legs. When planning cannot proceed (typically because of awkward
stances), the Ambler shuffles its feet into a standard pose. The algorithm chooses
a sequence of leg moves that maintains stability while shuffling the feet.

In 1991 we continued to address issues of memory usage by the Task Control Architecture
(TCA) and by the component software (controller, perception, planning). These efforts
to develop sophisticated memory management techniques eliminated memory leaks to the
extent that thousands of steps can be taken.

We implemented an initial version of a graphical user interface that provides the ability
to specify and edit routes and to view the progress of the Ambler.

We ported the TCA software to the NeXT machine for use by NASA Ames, and provided
Ames users with information and debugging help. We also patched various bugs in both the
C and LISP versions, enhanced the functionality of the “wiretap” mechanism, and developed
direct (point-to-point) communications schemes.

4 Sample Acquisition

We have developed and demonstrated sampling capabilities on a testbed separate from the
Ambler. The system demonstrated in the laboratory is now mature and can be used as part
of a full-fledged sampling system. Consequently, we have investigated possible configurations
for a sampling system on the Ambler. This section summarizes the possible designs that
were investigated and reports on the selected design. This design was not fabricated during
1991 for financial reasons.

4.1 Design Considerations

The overall scenario calls for the Ambler navigating through unknown terrain, stopping at
specific locations to collect samples. The sampling system that we envision comprises the
following components:

¢ A manipulator: The number of degrees of freedom and the exact configuration are
the main parameters. One driving consideration in the selection and placement of

9




the manipulator is to take advantage of the existing degrees of freedom of the Ambler
itself. For example using the Ambler for approximate positioning in the vicinity of the
samples, and the manipulator for fine positioning. Two important consequences are
that a small reachable area would be acceptable, and that a full six degree-of-freedom
design may not be necessary.

e A short-range 3-D sensor: For efficiency reasons, we considered at first using the same
sensor as used on the current sampling testbed. It is a short-range (up to two meters)
imaging range finder that uses visible light patterns. Using the same sensor allows for
using the same perception software as on the testbed. However, the sensor does have
some limitations such as relatively large size, small field of view, and small operational
range due to the use of conventional cameras and visible light. More efficient laser
rangefinders could and should be used; this would not affect the physical configuration
significantly.

e Computing: The computing used on the sampling testbed consists of a Sun4-equivalent
workstation. In the current scenario, the Ambler would not be performing any other
task while sampling, so existing on-board computing could be used to perform sampling
operations.

It became apparent very early in the design process that one issue would override any
other considerations of power, weight, or speed: the available space on the vehicle. Available
space is severely limited for several reasons. First, the vertical clearance of the Ambler, that
is the smallest height between terrain and bottom of vehicle body is extremely small, about
6 inches, which limits the size of the equipment that may use space under the body. This
limit may be increased by placing the limit switches higher on the leg. This would guarantee
the safety of additional equipment while providing more space. However, this solution would
reduce the available leg stroke, and therefore would restrict the terrainability of the vehicle.
We decided to keep the current vertical clearance. Second, there is little room on the legs
themselves to add equipment, because the additional equipment may cause leg collisions
during leg recovery.

4.2 Designs Investigated

Several designs were investigated. In this section we give a brief overview of two possible
designs and our reasons for not selecting them.

The first, and simplest design, is to mount a gripper on a vertical actuator at the center
of one of the bodies (Figure 5). This is a simple design that addresses directly the concerns
with vertical clearance. This concept was rejected because the Ambler would have to be
used to control the position of the gripper in the horizontal plane.

10
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In a second design, a 3-dof arm is mounted in a cylindrical sampling pod under one of
the bodies. The arm can be retracted to fit inside the cylinder, depositing the sample in
receptacles placed at the circumference of the cylinder. A first problem is the design of a
manipulator that can at the same time expand to reach samples, retract to fit within the
vertical clearance, and to deposit samples in the receptacles. No off-the-shelf manipulator
is appropriate and new components would have to be designed. A second, more serious
problem, is the placement of the sensor. Because of vertical clearance, the sensor cannot
be placed directly under the body in an orientation such that the intersection of its field
of view with the reachable space of the manipulator is large enough. One possible solution
is to mount the sensor on one of the legs, while keeping the manipulator under the body.
Although attractive, this solution introduced another problem related to the calibration of
the sensor with respect to the manipulator. Specifically, since the sensor may move with
respect to the arm, the transformation between arm and sensor reference frames has to be
recomputed every time the vehicle is in a different configuration.

4.3 Selected Configuration

The configuration that was selected is to attach both sensor and manipulator to the side
of the leg. Figure 6 shows top and side views of the configuration. To guarantee that
no collisions occur between sampling equipment and other legs, the placement shown in
those figures is the only possible one. In the configuration, sensor and arm are fixed with
respect to each other, thus avoiding the calibration issue. The other advantage is that the
sampling system may be easily placed such that the vertical clearance constraint is satisfied.
A receptacle, currently a rectangular bin, is also placed on the leg to receive the collected
samples. Based on a trade study, a commercial arm, the CRS-Plus was identified as having
the characteristics needed for this configuration, and is the one shown in the figures. The
configuration can be designed to optimize the overlap between sensor field of view and arm
reachable region while satisfying the other constraints. The optimal configuration is shown
in Figure 7 in which the intersection region is shaded.

One drawback of this configuration is that signals from the sensor and the actuators
have to be routed to the manipulator controller and the computing equipment. Since the
system is mounted on a leg and the controller and computing are in the body, an additional
slip ring is required to carry the signals to the racks inside the body. Although adding some
complexity to the overall machine, it was determined that commercial slip rings would suflice
for the number and type of signals required.

In conclusion, a complete design of a sampling system on the Ambler is now available.
The design uses mostly otf-the-shelf components and is intended to make maximum use of
the techniques developed on the sampling testbed in the laboratory.
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Figure 8: Integrated lander/walker concept

5 Configuration of a Successor to the Ambler

To actualize the unfulfilled potential of articulated machines for roles in space, there is a
need to configure a successor to the Ambler. In 1991, we began to configure an integrated
lander/walker (Figure 8) for planetary exploration.

We evaluated a number of alternatives, including the Ambler, the Soviet three-cab, the
Martin Marietta beam walker, the Viking lander, and the Lunokhod. We identified mini-
malism and spaceworthiness as key issues that must play decisive roles in the configuration.
We investigated mission specifications and constraints, stowage, scale, power, telemetry,
and thermal control. We revisited the model developed in the Ambler research program of
perception, planning, and control.

Our preliminary work is incomplete. We expect this topic to be the central focus for the
research program in 1992.

6 Personnel

The follcwing personnel were directly supported by the project, or performed related and
contributing research in 1991: '

Faculty: Martial Hebert, Katsushi Ikeuchi, Takeo Kanade, Eric Krotkov, Tom Mitchell,
Reid Simmons, Chuck Thorpe, William Whittaker.

Staff: Brian Albrecht, Purushothaman Balakumar, Gary Baun, Mike Blackwell, Kevin
Dowling, Christopher Fedor, Kerien Fitzpatrick, Regis Hoffman, Jim Martin, Clark McDon-
ald, Jim Moody, Dave Pahnos, Henning Pangels, Bill Ross.
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Visiting Scientists: Kenichi Arakawa, Herve Delingette, Pablo Gonzalez de Santos, Fab-
rice Noreils.

Graduate Students: John Bares, Lonnie Chrisman, Richard Goodwin, Goang Tay Hsu,
Peter Nagy, Gerry Roston, David Wettergreen.

Undergraduate Students: Steve Baier, Jonathan Burroughs, Doug DeCarlo, John Greer.
Nathan Harding, Terry Lim, Hans Thomas.

7 Publications
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ABSTRACT

Statically-stable walking robots offer advantages over
their wheeled and tracked counterparts for autonomous
planetary exploration; viz.: enhanced agility, power efficiency,
and smooth platform motion. A prescription for how to walk on
unknown terrain with an unprecedented degree of reliability is
needed for this, and other applications. To fulfill this objective,
what is required is an appropriate way to deal with walker/
terrain interaction. This interaction underli-s all of the stability
and reliability issues associated with walking. This work
addresses walker/terrain interaction in the context of walking
on general terrain in order to achieve stable performance of
autonomous walking robots in the face of the multitude of
terrain conditions that exist in unstructured, natural terrain.

Walker/terrain interaction is described for nominal
motions of the machine The nature of the interaction is
expanded to consider what occurs during support {ailure, and
what may be done to counter its effects. To evaluate the
stability of the walker, a new measure has been developed
which takes into account the effects of terrain compliance on
walker stability. These research elements are combined into a
viable prescription for how o walk statically on unstructured
terrain.

1. INTRODUCTION

The ability of some walkers to select where their feet
contact the ground greatly increases their ability to traverse
rugged terrain [1]. Furthermore, selective terrain contact may
be used o enhance the walking robot's stability. Discrete
terrain contacts ideally lead to lower locomotive power
consumpltion, as no energy is required for rolling friction or
“plowing” through terrain. Unless feet slip, legged vehicles
only put energy into the terrain when making foot contacts.
These advantages are only possible through appropriaie control
of suci. walker,, which is the subject of this work. What makes
this work difficult is contending with unstructured, natyral
terrain, while providing absolute rcliability.

There is a growing recognition of the importance of
accounting for the cffects of nawral terrain in walking control.
For example, many recent works on servo level control of
walkers focus on the clfects of terrain compliance. Orin’s force
redistribution control method to minimize power consumption
{2] has been supplanted by more efficient methods that
emphasize fool/terrain contact to avoid foot slippage (3].{4).
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Considering foot/terrain interaction phenomena has increased
the state.of-the-art in walking control rescarch. However, we
belicve that further advances will be made by approaching
walking modeling and control from a systemic viewpoint. Each
individual foot contact is just part of the entire mechanical
system. Therefore, we wish to address interaction phenomena
of the entire walker with terrain.

The w alker/terrain interaction phenomena and methods of
dealing with it addressed in this work are broadly applicable 10
statically-stable walkers. However, these will primarily be
discussed in the context of AMBLER, a hexapod walking
machine developed at Carnegie Mellon University [5),[6]. This
walking robot was used extensively in the experimental portion
of this work.

Figure 1. The AMBLER Walking Machine.

The walker/terrain interaction phenomena for nominally
controlling a statically-stable walking machine are described in
the next section. This is followed by a section describing the
interaction and methods developed to avoid tipover due to
suppori failures. A new stabiiity measure that takes into
account the effect of compliant natural terrain on stability is
then presented. This measure is useful for evaluating planned
motions, and as a real-time monitor to preserve the safety of the
robot. The algorithms, measures, and knowledge of walker/
terrain inleraction phenomena are then combined to form a
prescription for how to walk on gencral terrain.




2. WALKER/TERRAIN INTERACTION

Interaction with the terrain occurs during the different
elemental walking motions. The elemental walking motions
are: leg positioning, propulsion, attitude, altitude, and force
redisuibution control. Altitude conurol of the robot does not
lead w0 any significant walker lerrain interaction. However,
swinging a leg or propelling the body shifts the body c.g., and
consequently causes some interaction to occur as detailed later
in this sccion. The method by which attitude control is
achieved also will affect the nature of the interaction.

There was litle coupling of the elemental walking
motions. Forces passively redistribute during motion of the
c.g., and body tilt is affected by any redistribution of the
vertical foot forces, whether caused by this interaction
mechanism, or vertical foot force redistribution control. For the
relatively stiff terrain of the AMBLER testbed, this coupling
was nol loo important.

In the control simulations it was observed that simple
position and velocity motion control sufficed in achieving
stable and accurate motion [8]. The control simulations used a
sophisticated dynamic model which included non-linear, non-
conservative foot/terrain interaction models { 7). Consequently,
motion control boards were procured for the AMBLER, and
over several thousands of hours of operation, they have
performed well.

For a gravity-decoupled robot, it is possible to decouple
most of the elemental walking motions into the vertical and
horizontal directions. It was found that peak power
consumption could be significantly reduced by carrying out
motions that require horizontal and vertical actuations
sequentially.

2.1 Attitude Control

Attitude (leveling) control is conventionally achieved by
extending and retracting vertical actuators by an amount
determined by using a simple calculation that uscs small angle
approximations:

AZ; = y;sin (o) —x;sin (B) m

where: Y, is the horizontal distance of leg; to the pitch axis
X; is the horizontal distance of leg; o the roll axis

Q and ﬁ are the pitch and roll angles respectively
AZ‘» is the change in the vertical leagth of leg;.

Other leveling methods that use only the verucal actuators
but utilize more kinematic information have been derived and
evaluated [9). There is not a large difference between those
methods. All of these methods cause the top of the walker to
translate, mainly in a horizontal direction. They also lead to
foot slippage and/or build-up of intemal link forces. Another
method was derived that uses all axes 10 level the body. By
using this method, an arbitrary point on the body may be kept
from rotating. More importantly, this method avoids foot
slippage and build up of internal linkage forces due to flexure.
These phenomena occur with z-axes only leveling, and thewr

cffects are amplified when footfalls are at disparate elevations.
Therefore, the method that uses all axes w level the body
should be used when footfalls are at dissimilar elevations. If the
pcak power consumption nceds to be minimized, one of the
methods that use only the vertical axes to level the body should
be used for gravity-decoupled robots when footfalls are at
similar elevations.

2.2 Body Propulsion

During body propulsion there is an active redistribution of
forces undemncath the feet of a walker, even if the brakes are
applied to the vertical actuators. When the machine moves, so
does its c.g. location. The foot forces must therefore
redistribute to obey the laws of statics. If more than three legs
are in ground contact, then the vertical force distribution is
indcterminate. There are an infinite number of possible
distributions for a given c.g. location, not all of which will be
desirable. With foot force sensing, the actual distribution may
be found. It is desirable to be able to predict how these forces
will redistribute due to a planned machine motion, in order to
determine if the planned motion is safe, and if the motion itself
is being achieved with predictable walker/ terrain interaction.

Simulations of body propulsions with the dynamic model
showed that foot forces changed approximately linearly with a
linear change in body position (which roughly corresponds to a
linear change in c.g. location). This indicated that a relatively
simple model for how foot forces redistribute should be
attainable.

Two methods were developed to predict how vertical
forces redistributed due to c.g. motion. The least-variance
mode! predicts the force distribution after a c.g. move that is as
close as possible to the original distribution in a second-norm
sense. This method does not utilize terrain/leg compliances. A
second method, the compliance model, utilizes leg/terrain
compliance and kinematic constraints to determine the new
force distribution. It can be shown that these two models give
exactly the same predictions for when the compliance under
each leg is equal [10]. In this paper, only the compliance model
will be presented.

For a walker with n ground-contacting legs, n > 3, there
are three statics equations that apply. The sum of the vertical
forces equals the weight of the machine, and there are no net
rolling or pitching moments. These may be expressed
mathematically as:

Fil+F,+Fy+.+F, =W @)
YW @
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where: F‘v is the vertical force on leg;
X‘- . Y‘- 1s the location of leg;
Xc . yc is the location of the center of mass

W is the weight of the walker.




Equations (2)-(4) are three equations in n unknowns. A
further n-3 equations are derived through kinematic constraints
to yield n linearly independent equations in n unknowns, so the
unknown foot forces may then be solved. To derive these
additonal equations, a basis of three legs is chosen. The
footpad elevations of these define a plane that will be used as a
reference. As foot forces redistribute due to c.g. motion, this
planc will move as a function of the change of force on, and the
compliance of, each foot. If we consider other ground-
contacting feet, they will rise or drop (analogous to unloading
or loading a spring under the foot) such that the footpads of
these feet also touch the reference plane. Thus a constraint
equation is derived for each of the feet outside of the reference
ripod (three legs) by separately combining them with the
reference tripod, and constraining all four legs to lie on the
reference plane. Each of these equations has the form:

Y‘.XF‘-+n1ijj+mkka+m1Fx =a, )

legs 1, j, and k form the reference tripod
leg x is the fourth leg under consideration

where:

all m; are a function of leg coordinates and
spring compliances

a

 is a function of leg coordinales, spring

compliances, and previous foot forces.

To test the validity of these models, experiments were
carried out on the AMBLER. The body was propelled various
distances, and the actual foot forces experienced by the
AMBLER were compared to the values predicted by the
models. For example, the AMBLER was propelled forward by
1 meter on sand, as shown in Figure 2. During this traverse the
c.g. moves forward in the Y-coordinate direction by a smaller
amount, 0.702 meters, as the legs have significant mass and
they don't ravel as far as the body during propulsion.

LEG 2

5 LEG4

.. final position s
",,T_dlllllll IIllllllIIIIllllllllIIIHIIIIIIIIIII::.._..

initial position

LEU 6

LEG3

Figure 2. Propulsion Example.

The vertical foot forces logged from the AMBLER are
shown in Figure 3(a). The predictions from the compliance
model are shown in Figure 3(b). The predictions are close
enough that the model is suitable for usage.

The vertical foot force redistribution models give a
rcasonably accurate portrayal of how the vertical forces
redistribute during machine motions. The horizontal forces and
bending moments are not incorporated in this model. These
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forces and moments were monitored during the experiments
with the AMBLER. In these experiments they varied, but not in
any predictable manner. Fortunately, the effect of these forces
and moments was on the order of one to two magnitudes less
importance than the vertical force variations. Therefore it was
sufficient to consider only the vertical forces in this work.

3. REACTIVE WALKING CONTROL

When anomalous conditions arise, it is desirable to take
reflexive measures in order to ensure the safety of the walker.
Reactive control is the method by which this safety is assured.
For slowly moving, statically-stable walkers, such as the
AMBLER, it is sufficient to simply halt the robot should an
uncxpected event arise. However, if the unexpected event is
threatening to tip over the machine, then a more elaborate
response is required. In these instances, the legs of the robot
should be moved to counteract the tipping motion. The reactive
leveling algorithm, described below, has been created for this

purpose.
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Figure 3. Vertical Force Redistribution Due 1o Body Motion.

3.1 Recactive Leveling

Slowly-moving statically-stabilized walking machinecs are
in danger of tipping over when support failure(s) occur. The
reactive leveling algorithm is able to respond appropriately to
these support failures without knowledge of which supports
failed, nor by how much. The reactive leveling algorithm is
depicted in Figure 4.




Reactive leveling incorporates tilt sensing within the
control loop. Given the current roll and piich of the machine,
the vertical leg extensions required 1w level the machine are
calculated. The ratio of the required extensions between legs
serves as the ratio of velocity commands that are sent to each
leg. The spcai that the machine levels is determined by the
specified velocity of the leg that moves with the highest speed
(the leg with the highest calculated extension). For large values
of tilt, this is set to the maximum speed of the leg. For small
values of ult, it is set to zero, so that the machine does not
“hunt” about the level position.

The ground-contacting legs will bring the machine up to
level with this algorithm. Unless the machine is free-falling,
there will always be a sufficient number of ground contacts 1o
form a stable support polygon, which allows the algorithm to
succeed. However, support failures that cause tilts usually
cause one or two legs 1o end up in the air. These legs are also
on the high side of the machine. As a result, these legs further
retract if the reactive leveling algorithm is applied to them, and
they will not contribute to body support. This significantly
lessens the stability of the machine.

L
READ BODY TILT

Y

CALCULATE LEG
EXTENSIONS

Y

SET THE MAXIMUM
LEG SPEED

v

DETERMINE THE RATIO
OF LEG VELOCITIES

Y

VELOCITY COMMANDS
SENT TO EACH LEG
I

Figure 4. The Reacuve Leveling Algonthm.

To maximize stability while still bringing the machine 1o
level with this maneuver, the active leveling algorithm is
applicd only to the legs that are in ground contact for that
control cycle. Legs that are in the air extend slowly, unul they
contact the ground. After having made contacL, they join the
subset of legs that are parucipaung in the reactive leveling
algonthm.

4. WALKER/TERRAIN INTERACTION
AND STABILITY

In the previous sections of this paper there have been a
number of references to machine stability. To ensure the safety
of the robot, its stability should be quantified. Stability
measures may be used in the planning of walker motions, such
that the planned motions do not unduly jeopardize the safety of
the robot. These measures may also be incorporated as a safety
measure incorporated in the real-time controller.

A walker is said to be stable if the vertical projection of its
c.g. onto a plane lies inside the polygon formed by the vertical
projections of the feet on the same plane. An example of the
support polygon for five-legged ground contact is shown in
Figure S. For the walker to remain stable, the projection of its
c.g. must lic inside this polygon. For more conservative (safer)
walking, the ¢.g. may be constrained to move above a smaller
polygon, the Conservative Support Polygon (CSP), which is a
subset of the support polygon [11]. If the motion cf the c.g. is
confined to this smaller area, the machine remains stable even
if the support of any one of the legs fails. Our planning
algorithms constrain the body c.g. to lie within the CSP.

CONSERVATIVE
SUPPORT POLYGON

SUPPORT POLYGON

Figure S. Plan View of the Support Polygons for Five Ground-
Contacting Feet.

To quantify the stability, the distance of the c.g. projection
to the boundary of either support polygon may be used.
However, a better measure is the Energy Stability Margin
(ESM) developed by Messuri and Klein (12]. This measure
calculates the minimum energy required to tip over the walker.
This is found by calculating the energy to tip over each pair of
adjacent legs of the support polygon. The way 1o cajculate it
graphically is shown in Figure 6. To tip the walker over these

wo legs, the c.g. has to raise by the height A, requiring energy

mg h, where m is the mass of the walker, and 8 1s the force
of gravity. The analytical determination of the ESM has been
derived [10].

This type of measure is better since it quantifics the cnergy
of a disturbance (such as suppon failure) that is required o
topple the robot. However, it does not take into account the
compliant effects of natural terrain. We have augmented the
ESM by taking this into account by developing the Complians
Energy Stability Margin (CESM).

To calculate the Compliant Energy Stability Margin, the
ESM for cach edge is first calculated. However, compliant
footfalls will further compress, as the two legs that the c.g. is
swinging over now bear the full weight of the walker. Therefore
these feet sink, requiring a smaller height that the c.g. needs 10
nisc for incipient tipover. The geometry ol incipicnt tpover 1s




shown in Figure 7. The ESM calculates the energy required for
the c.g. 1o reach point ). With compliant footfalls, the c.g. rises
by a smaller amount, to point k, in this example. Therefore the
CESM predicts smaller subility.

Figure 6. Graphical Calculation of the Energy Stability
Margin.

FOOT 2

SIDE VIEW TOP VIEW
Figure 7. Geometry of Incipient Tipover.

The ESM and CESM measures for the same 1 meter
propulsion example discussed in Section 2 are shown in Figure
8. There is no significant difference between these two
measures, though the terrain was very suff. The propulsion
example was done on flat terrain. If we superimpose a slope of
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Figure 8. The ESM and CESM for the 1 meter Propulsion
Example.

30° on the same propulsion example, the two measures differ
by about 13-15%, as shown in Figure 9. This occurs since the
compliance of sand on a slope increases significantly. For the
flat ground example, the maximum stability is near the middle
of the wajectory. With the machine propelling forward
horizontally as part of ascending the slope, the point of
maximum stability moves forward due o the machine

geometry.
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Figure 9. The ESM and CESM for 1 meter Propulsion on a 30°
Slope.

5. A PRESCRIPTION FOR WALKING

The various components of important walker/terrain
interaction phenomena have been described thus far in this
paper. They will now be combined to form a prescription for
how to walk on general terrain. To walk on such terrain (e.g.
unstructured planetary terrain), the method chosen should be
conservative in order to ensure the safety of the robot.

To walk on general terrain while taking interaction
phenomena into account, the state of the walker is continuously
monitored, and the narure of the walker/terrain interaction is
characterized. If the interaction is favorable, planned machine
motions may be executed by using nominal control. If the
interaction is unfavorable, feet are repositioned to place the
walker in a more favorable stance. It may be necessary to
accept some poor footholds in order for a walker to progress; in
these instances the force redistribution models may be used to
ensure the stability of subsequent motions. If anomalous
conditions arise that may possibly affect the stability of the
walker, reactive control is employed 1o respond to such events.

For maximum stability, only one leg is repositioned at a
time, leaving five legs in ground contact. The walker moves by
alternately taking steps and propelling the body. The action of
propelling the body and picking up the rear-most leg and
placing it in front of the body is called a gait cycle.

Before carrying out a gait cycle, the stability provided by
the set of terrain contacts should be evaluated before moving to
ensure the safety of the robot. The nominal prescription for
carrying out a gait cycle is shown in Figure 10. Before
advancing the walker, the conwoller first checks to see if there
are toe-holds. If there are any, the vertical force redistribution
that will occur during the gait cycle is predicted. If the machine
may carry out the motions of the gait cycle with a stable set of
leg forces, the gait cycle is executed. If not, the gait planner
is informed of which feet have toe-holds, and it will move these
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fect o new locations. If the feet have to be re-located, the
overall stability of the new set of foot contacts is assessed to see
if the intended motion may then be carried out safely. When a
new footfall is made, the bearing capacity of that foothold is
tested by putting a large force on that leg.

The load-bearing capacity test does not preclude the
possibility of fooyterrain contact from being unfavorable if it is
a toc hiold. By itself, a toe-hold does not endanger the stability
of the robot. Some toe-holds form stable ground contacts.
Stability of the walker is threatened when a number of toe-
holds co-exist in the constellation of ground-contacting feet. If
only one footfall is a toe-hold, then vertical forces may be
biased away from this foothold, and stability is not a problem.
If a new toe-hold is formed that will endanger the robot, the
footfall should be changed to a better position if possible. If
only toe-holds exist in the footfall selection area, other feet
which have toe-holds may then be repositioned.

This nominal method of walking should suffice to allow
walking on unstructured terrain, unless anomalous conditions
anse. Thercfore the walker/terrain interaction and the state of
the machine are continuously momnitored as shown in Figure 11.
Reactive control should be used to preserve the safety of the
robot in these instances. Since the machine is walking
statcally, in most cases it is sufficient to simply halt the
machine. If the failure is dynamic, thereby threar .ing the
survival of the robot, then more involved respon- 1s necessary.

Static failure events include unexn ‘ed foot forces,
crossing an allowable stability threst ..# .4 machine failures,
such as amp faults, processor faul’s, inotion controller faults
and sensor faults. All of thr.: failure modes should be
monitored to achieve reliabl- wvalking. The foot forces may be
monitored in real time, and compared to their predicted values
(using the model descri’ &d in Section 2.2) in order to determine
if the walker/terrain .ateraction is unusual, in which case the
machine can be brought to 2 halt, and a new, stable stance
established. The stability of the machine should be monitored
using the method described in Section 4 in real-time in order 1o
stop motion if some anomalous walker/terrain interaction
lessens the machine’s stability.

The dynamic failure that is the greatest concern is when
the walker starts to tp over. This may occur due to support
failures. The reactive leveling algorithm (see Section 3) was
de* zloped for the walker to respond to such an event This
a gonthm is designed to bring the body close 10 level, and when
tie walker and terrain has stabilized, the walker is halted. A
new stance that is favorable is then established, and nominal
walking may then continue.

6. CONCLUSION

There is a need for determining the effects of walker/
terrain interaction so that autonomous walking rcbots may
waverse unknown lerrain in a reliable manner. Walker/terrain
interaction phenomena have been characterized through
simulation, cxperimentation, analysis, and use of previous
rescarch in the field. Knowledge of these phenomena has led to
the formulation of a prescription of how to walk. While this
prescription has been posed in the context of AMBLER, it is
largely applicable to other staucally-stable walking machines.
Portions of this prescription have been implemented on the
AMBLER. Further implementation, testing, and refining of the

o
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prescription will lead to safe autonomous walking on
unstructured, natural terrain.
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Abstract

In this paper, we analyze a class of imaging range finders—
amplitude-modulated continuous-wave laser radars— in the con-
text of computer vision and robotics. The analysis develops mea-
surement models from the fundamental pr'mcxtplcs of laser radar

ion, and identifies the nature and cause of key problems that
plague measurements from this class of sensars. We classify the
problems as fundamental (e.g., related to the signal-to-noise ra-
1i0), as architectural (e.g., limited by encoding distance by angles
in [0.2x)), and as artifacts of particular hardware implementa-
dons (e.g., insufficient tem compensation). Experimental
results from two different devices—scanning laser rangefinders
designed for autonomous navigation—illustrate and support the
analysis.

1 Introduction

Range seasing is a crucial componeat of any autonomous System.
It is the only way to provide the sysiem with three-dimensional
representations of its enviroament. The classical computer vi-
sion approach (o range sensing is to use passive techniques such
as stereovision, of s from X. However, those techniques are
not yet sufficiently reliable or fast to be used in many applica-
tions, most notably real-time robotic systems. Active sensors,
which generate the illumination instead of using only the ambient
illumination, have received increasing attention as a viable alter-
native to passive sensors. Many such sensors were developed [1)
and many have been used in real computer vision and robotcs
applications such as obstacle avoidance (2, 16] and autonomous
navigation 9] of mobile robots. Surveys of rangefinding sensors
and their applications in robotics can be found in [4, 7, 11]. A
review of their use in autonomous navigation of mobile robots
can be found in {5].

Although significant theoretical results have been derived
in the area of laser radar characterization [15), experimental work
is needed to evaluate in robotics applications. In
this paper, we characterize and evaluate a class of sensors, the
imaging laser radars'. Those sensors have been proposed as a
good compromise between accuracy, resolution, and speed re.
quirements, especially in the context of mobile robotucs. Our
intent is tc present measurement and noise models for those sen-
sors, to identify problems that are specific to this class, and 10
provide experimental data to support our concliusions. Our em-
phasis is on idenufying limitations and bilities that have an
umpact on the use of standard irmage analysis algorithms for those
sensors.

We concentrate on laser radars because of our experience
with two such sensors, Erim and Perceptron, in our work in mobile
robotics. The thearencal and experimental results presented in
this paper use in pan results from earlier analyses from (3, 8,
17, 19] for the Erim sensor, and from (1), 14] for the Perceptron
sensor. However, we suggest that mare analyses of this type are
needed in order to beuter grasp the state of sensor technology from
the pount of view of computer vision and roboucs.

! An optical-wavelength radar is also called Lidar. which is an acronym
for Light Detecuan And Ranging.

The paper is organized in three pans. Section 2 describes
the principle of the sensors, the theoretical models of noise and
measurement geomen'ay and the two sensors that we use in our
expeniments. Section 3 describes some problems that are specific
1o this class of sensors. Those probiems can significanty impact
the quality of the data and limit the use of those sensors. We
distinguish between problems that are inherent to the physics of
the laser radars, and problems specific 1o the hardware currenty
available for robotics applications. Section 4 describes experi-
mental results obmined from actual seasors.

2 Sensors

In this section we address imaging laser radars, covering both
their principles and practical characteristics. First, we describe
the general principle of operation, define a sensor reference frame,
and present measurement models for the range and intensity data.
Then, we describe two particular sensars that we used for exper-
imentation.

2.1 Principle of Operation

The basic principle of a laser radar is to measure the time between
transmitting a laser beam and receiving its reflection from a target
surface. Three different techiuques can be emplioyed to measure
the ume of flight, which is ional to the range: pulse detec-
tion, which measures the time of flight of discrete pulses: coherent
detection, which measures the time of flight indirectly by mea-
suring the beat frequency of a cy-modulated continuous-
wave (fm-cw) emitted beam and its refiection; direct detecrion,
which measures the time of flight indirectly by measuring the
shift in phase between an amplitude-modulated continuous-wave
{am-cw) emitted beam and its reflection.

Experimental devices have been developed using both pulse
and coherent detection technologies (for a survey, see Besi [1]).
They are not yet widely in use in computer vision and robotics
applications. In this paper, we concentrate on am-cw laser radars.

For am-cw laser radars, the range to a target is proporuonal
to the difference of phase; if ), is the difference of phase,
then the range is 7 = 2 _\,-, where \ is the wavelength of the
modulation. Since the phase is defined modulo 2=, the range is
defined modulo r,, where r, = A/2 is the distance (or ambiguity
interval) nding to the maximum phase difference of 2.
Therefore, an inherent limitation of this principle of operation is
that it cannot measure range uniquely, i.c., it measures range only
within an ambiguity interval.

For many applications, imaging laser radars are essental.
Imaging sensors generate a dense set of points structured as an
image. Typically, image generation is achieved by two mechani-
cally controlled mirrors that raster-scan the beam across a scene,
measuring the range at regularly sampied points.

In addition to range, am-cw scanners measure the “strength™
of the refiected beam, thus generating a second image that some
call the reflectance image. To avoid confusion with surface re-
flectance, we will refer to it as the infensity image.

2.2 Sensor Reference Frame

It is useful to convert the range pixels to points in space expressed
with respect to a reference frame. In thus secuon we define a
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Figure 1. Reference frame for scanning laser range finder
In the figure, the symbol “R” denotes range. To be consistent
with the majority of the text, we should denote range by “r.”
standard reference frame antached to the scanner, and the relation
berween a pixel (row, column, range) and the coordinates of the
comresponding point. :

Figure 1 illustrates the reference frame. As shown, the
y-axis coincides with the direction of travel of the laser beam pro-
Jected through the central point of the scanner (i.e., the principal
ray). The angle # (azzmuth) corresponds to a rotation about the
z-axis. The angle - (elevation) corresponds to a rotaton about
the x-axis. .

Given the seasor measurement (4. v.d) (i.c., row, column,
range), the transformation to spherical-polar coordinates is

CRud . +yg0, Omvig+bo , r=ad . (1)
where

¢} is the angular increment, in degrees/row, of the nodding
murrar,

4 is the angular increment, in degrees/column, of the pan-
ning murror,

¢ ;o is the initial orientation, in degrees, of the nodding mirrar,
o(k is the initial orientation, in degrees, of the panning mirror,
and

o p is the scanner range resolution in meters/grey-ievel.

Given the spherical ‘polar coordinates ;. 0. r, the mansfor-
mation to Caniesian coordinates is given by

X=rsin0 . y=rcosfcosy . z=rcoslsin: . Q)
23 Measurement Models
An am-cw range seasor would approach perfection if it emitted a

zero-width laser beam and observed the retumned signal through
an infinitely small receiver. In reality, the beam subtends a non-
zero angle, and the receiver detects si subtended by a solid
angle we will call the instantaneous field of view V). As-
suming a circular field stop, the beam projects 10 an ellipse on
the target surface, the foorprins of the beam. Every point within
the intersection of the footprint and the IFOV contributes a range
value and an intensity value to the final range and intensity mea-
surements.

We may model a (range, intensity) pairas a lex number
z,meqﬁvﬂmﬂyuavm(ﬁ:gmh). The phase of z represents
the sensed range (or phase shift), and the magnitude of z is the
sensed intensity, According to this model, the range measured at a
pixel is the integrai of koz over the IFOV of the receiver, where ko
13 scalar and depends on parameters of the instrument (transmined
power, and the el ics of the receiver) and parameters of
the environment (the angle n between the surface normal and the
direction of measurement, the reflectance p of the wrget surface,
and the range ras shown in Figure 2b).

Ultimately, the fidelity of the range measurement depends
on the power of the signal reaching the photodetector, which in
turn depends on ko. More precisely, the time-average radiant fiax
Fr (in wans) reaching the photodetector can be shown [15] to be

el = tniansity

9 proportivaal Lo range r

e

Figure 2: Model of (range. intensity) pair as complex num-

ber _

Fr=k 2 &)
where X, is a function of the transmutted radiant flux, the capture
area of the receiver, and filter bandwidths. Assuming that the
output power of the photodetector is proportional 1o Fs, the output
signal is proporrional to pcos . /7.

When the received power is small, the ourput signal is small,
and noise is significant. There are many sources of noise, inciud-
ing photon noise, laser noise, ambient noise, dark-current noise,
secondary emission noise, and subsequent amplifier noise.

Nitzan et al. [12] identify photon noise as the dominant
source, and assume that photoemission is a Poisson process to
obtain the signal-to-noise ratio

SNR=k (22)} )
Assuming a modulation index of 100 percent, they go on to
derive the approximate effect of photon noise on the measured
range value. Their analysis indicates that the standard deviation
of the range can be esumated by

7
g, X

vir SNR
Combining (4) and (5) yields

§
= () ()"
where the first term depends only on the physical, optical, and
electronic characteristics of the sensor, and the second term de-
pends only on the observed scene.

This equation states that o, is approximately linear in r, or
equivalently, that the variance o7 is approximately quadratic in r.
Our experimental resuits follow this model. In parucular, Figure
12 shows that = is quadratic in r, consistent with (6).

24 Examples

We used two sensors for experiments: Erim and Perceptron,
whose geometric parameters are listed below. Other sensors
based on the same principie exist [1, 13]). The two sensors that
we usc are typical of the operation and performance of this type
of sensor.

The Erim scanning laser rangefinder is designed for appli-
cations in outdoor autonomous navigation. Several versions of
the scanner exist We refer to the version used for research on
autonomous land navigation (2, 5], which is the successor of a
sensor used for legged locomozion [18).

* The Erim scanner uses a 100 mW laser diode operating at
820 nm. The sensor volume is roughly 90 x 50 x 90 an and
the mass is about 45 kg. The scanning mechanism consists of a
vertical rotating mirror for horizontal scanning, and a horizontal
nodding mirror for vertical scanning. The acquisition rate is
0.5 s for a 64 x 256 x 8 bit image. Tabie 1 summarizes the
charactenstics of the sensor. Figure 3 shows a range image (1op)
and a reflectance image (bottom) from the Erim scanner.
images show an outdoor scene of a road surrounded by a few
ees.

The Perceptron scanning laser range finder is more recent
than the Erim, and has higher resolution and bandwidth. It is cur-
rently used for terrain mapping in support of legged locomotion
{6).

* The sensor volume is roughly 50x45 x35 cm and the mass
is about 30 kg. The sensor uses a 180 mW laser diode operating at
810 nm. The image acquisition rate is 0.5 s for a 256 x 256 x 12
bit image. The scanning mechanism is similar to the Erim design,
except that the vertical field of view and the vertical image size are

(5)




Param. | Units | Enim | Percepton Description

¥fav deg 50 o0 verucal FOV

Uy o deg 80 60 Horizontal FQV
rows pixel 64 256 Rows

Neou pixel | 256 256 Columns

3. deg 0.47 024 Vert. step (Note A)
V) deg | 031 0.24 Hor. step (Note B)
Te —_ 64 ft 40m Ambiguity interval
N bit 8 12 Number of bits/pixel
Sa —_ 30in 0.98 cm Range unit (Note C)

Tabie |: Nominal values of sensor parameters
. Ny o . _ ’
Note A: ). = N—,.f.::T B: 4, = F_J,,Tl' C:lr= ?;'.Tl

Figure 3: Erim intensity (top) and range images
The scene contains a tree (visible to the left), and a person (visible
1n the upper center) on a path.

programmable. Table | summarizes the operating characterisucs
of the sensor as specified by the manufacturer (14).

Figure 4 shows the eight most significant bits of a typical
range image (right) and intensity image (left) from the Perceptron.
The distance between the scanner and the floor is approxumately
4m.

Figure 4: Perceptron intensity (left) and range images
One of the authors is visible in the intensity image standing in
front of box-like targets used for calibrating the sensor. The
images have been enhanced for printing.

3 Problems

In this section, we describe four effects that may iead to corrupred
or degraded data. Two effects, mixed pixels and range/intensity
crosstalk, are due to fundamental limitanons of am-cw laser
radars, although they are someames compounded with problems
in the design of the actual sensors that we used. The two other ef-
fects, distortion due to scanning and range drift, are more specific
to the particular sensors that we use. However, it is important
be aware of those effects since they do affect the quality of the
data. Furthermore, siple cost-effecuve remedies do not seem to
exist at the moment even though those problems are theoreucally
avoidable.

3.1 Mixed Pixels

Significant problems occur at pixels that receive refiected energy
from two surfaces scparated by a large distance. From an image
analysis point of view, we would like the range at such points
to be measured on cither of the surfaces, or at least to fall in
between in some predictable way. The fact that the range is
measured by integrating over the entire projected spot leads 10 a
phenomenon known as mixed pixels in which the measured range
can be anywhere along the line of sight. In practica! terms, this
means that occluding edges of scene objects are unreliable, and
that phantom objects may due to mixed measurements
that are far from the real surfaces. This is a problem inherent to
direct detection am-cw laser radars and it cannot be completely
eliminated.

Figure 5 shows the geomerry of the measurement at an oc-
cluding edge: two objects at distances D, and D; from the sensor
(D1 < D) are separated by a distance D and a point is measured
at the edge between the two surfaces. Due to the angular width
of the beam, the range is formed by integration over a spot that
contains reflections from both surfaces.The relevant parameter
is the rato p between the spot surface due to the near surface
and the total area. The combinaton of the two measurements is
better expiained using a model in the complex plane like the one
presented in Section 2.3. Each portion i of the spot generates a
measurement that can be represented by a complex number z,.
The phase of z;, .~ is proportional to the range D, and its magni-
tude depends on the reflectivity p: of the matenial. The resulong
measurement is given by the sum z = z; +z;. The final measured
Tange is proportonal 1o the phase of z.

=

Dt o
m

Figure 5: Surface 1 aecludes surface 2 (side view)

The phenomenon becomes clear with this formulanion: the
phase of z can be anywhere berween ; and ,; depending on
the rato of the lengths of z; and 22 which depends on p, ;,,, and
/m. In practice, this phenomenon is observed as soon as there are
discrete objects in the scene. Figure 6 shows the effect of muxed
pixels in a real image. The top panel shows an Erim image with a
small window (shown as a white rectangie) containing an object
(a wree) and its icft and right edges. The bottom panel shows an
overhead view of the 3-D points in this region as calculated by
Eq. (2), and using the range from the image pixels. The points
at the center of the disribution correspond to the smooth surface
of the object. Away from the center are two lines of mixed pixels
that appear at the object’s edges. In this example, all mixed pixels
are jocated berween the two targets, tree and background surface.
This result is typical of the mixing effect in laser radars. The
mixed pixel effect complicates the processing and interpretation
of the range images. Its main conseguence is that srong range
edges are unreliable. One approach to the probiem is to apply a
median filter to the image. Another a_Fgroaer is to ransform all
the points to a 3-D coordinate frame. There, mixed pixels appear
as isolated points, which makes them casier 10 remove than in
image space.

3.2 Scanning Pattern

With currently availab’e commercial technology. imaging can be
achieved only by scanning the beam using rotaung and nodding
rmurrors. The scanning mechanism introduces additional errors
into the sensor. They are probably the hardest to quanufy and to
correct. They result in 2 correct range measurement being stored
at the wrong pixel in the image. Limitatons due to the scanning
mechanism are not inherent to the am-cw technology, but are due
to the lack of altematves to electro-mechanical scannung devices.

The main problem, synchromzanon, 1s due to the fact that
three systems (honzontal mirrors, vertucal murrors, and range
measunng system) must be synchronized exactly. In parucular,
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Figure 6: Mixed pixels in real image
Top: selected remon 1n Enm image. Bortom: overhead view of
the corresponding points

the mouon of the two nurrors must be exacly synchroruzed wuh
the sampling of the range measurements. A small error in syn-
chroruzauon results 1n an error in either - or ¢ depending on
whuch muror is affected. Even though the range measurements
themselves are not affected, the angular errors wil propagate
10 the coordinates computed from Eq. (2). For example, poor
synchronizauon may occur at the top of the image because the
nodding muror takes a firute amount of tume to go from zero speed
at is slarung position 10 its normal scannung speed. Duning this
imerval of ume, a few scanlines that are not correcly sampled are
collected. Figure 7 shows a Perceptron image 1 which a rectan-
gle 1n the scene projects to a skewed shape instead of a rectangie
In general. there 15 a discrepancy between the normunal values of
the scanfung angles and the actual values. Thus error 15 difficult
10 quanufy. We descnbs an expenimental sefup for esumaung the
angular error disgribunion in Secnon 4.3

Figure 7. Synchronization error in Perceptron image
The black wire-frame rectangle marks the correct posiuon.

3.3 Range/Intensity Crosstalk

Ideally, we would like the range measurements 10 be completely
independent of the reflecuve properues of the observed object
Unfortunately, they do influence the range measurements and can
even render range useless 1n some cases. Thus crossialk etfect
between range and wntensity 1s due to a number of causes.

The first cause for the crosstatk effect 15 a fundamental prop-
erty of direct am-cw range measurement. The standard deviauon
given by Eq. (6) depends on the reflectance of the observed ma-
tenal. Roughly speaking. the lower the intensity, the fugher the
range noise. Thus affects only the vanance of the measurement,
not its mean value

Another source of crosstalk is in the implementanon of the
detecuon elecmorucs. Typically, the receiver electrorucs oper-
ate opumally only 1n a narrow range of intensiies compared 10
the large dynamuc range of intensiues that can be observed As
a result. surface that reflect intensiues outside of the opumal
operaung range will produce noisy of even eTONEOUS 1ang~ mea-
surements This efiect can be reduced by dynamically a g
the operaung range according to the untensity. The Per on
scanner umplements such a solugon. However, the low uuznsi-
ties (dropout) and the hugh wntensiues (sarurauon) still produce
spurious range readings There are ways to increase the dynamic
range of the receiver but they are not implemented 1n most scan-
ners avaiabie to date

The crosstalk effect becomes more noticeable at edges or on
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textured surtaces  In those cases, the beam illuminates a region
that contains points of different surtace reflectance. Since those
pounits may generate shghty dirterent range measurements. the
siuanon 1s sumulsi (o the one discussed 1n Section 3.1 except that
the mixing s due 10 the variauon of reflectance within the spor
wnstead of tne vanauon of range. A consequence of thus effect i
that the behavior of the range measurement at the edge between
1w o surtaces with different reflectance may be unpredictable.

The crosstalk problem cannot be compietely elinunated
However, some additons 10 the basic sensor design can diminish
iy effects. For example. the Perceptron scanner adjusts dynarmu-
cally the operaung range of the recerver, and uses a lookup table
built using an off-itne cabibration procedure (o correct the range
a5 a runction of intensiry

Figurss 8 10 10 usgate the crosstalk effect  In order 1o
quanury the crosstalk effect. we designed an experiment wn which
4 target with low reflectance 15 observed against a background
of higher reflectance (Figwre 8). Considenng one scanline in
the range image. the dark rget 1s located between columns 121
and 135. We computed the mean and vanance of the range and
wtensity dismbuuons at each pixel in the scaniine by waking 100
images of the scene. Figure 9 shows the mean values as a funcuon
of the column number. The mean wntensity drops sharply at the
edges of the black arget and remains at a low level between them,
ay expected. The mean range remarns roughly constant except for
4 sharp disconunuity at each edge. The reason 1s that the mntensity
from both matenals 1s nuxed at the edges, therefore the range 1y
not properly corrected. Figure 10 shows the variance of the range
and wntensin distribunons. This clearly shows a sharp increase

in -? between the hugh intensity background and the black targe,
as expected from the tieoreucal expression of range noise.

Seanne: Sice View - -- -~ " Cardboar:
sanner == Blat Torger
|- large
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Figure 8 Experimental sewp to study range/intensiy
crosstalk
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3.4 Range Drift

We observed a signihicant drift of range measwrements over ume.
To dlustrate this etfect. we placed a Lyget 6 m rom the ongn of
the Percepton scanner and acquired one imiage per nunute over
24 hours. during wiuch the scene was Stafic

Figure 11 plots the sensed range at one arget pixel. The

Mecan range and wintensiy for black and white
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Figure 10: Varance of range and intensity for black and
white targets

figure shows a dramauc vanation over ume. Between hours O and
3, the ranges climb approximately one meter, as if the sensor werc
wanslating away from the target. After this four hour “warm-up”
period. the sensed ranges reach a plateau where they remain, with
apparenty random varragons, for the rest of the day.
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Figure 11: Range measurements vary over time
The target 15 a sheet of cardboard 6m in front of the scanner.

We hypothesized that some of the variations mught be due to
temperature changes. To test this hypothesis, we placed an elec-
tnc heater direcdy behind the scanner, and repeated the above
trial, acquiring images at 2 Hz over two hours (14,000 images).
Without the heater, the temperature was 21°C, and we observed
approximately constant range measurements. We tumned on the
heater and after 30 minutes the temperature climbed to 45°C.
During this time the sensed ranges fell about 40 cm, a substan-
tal decine. When we turned off the heater, the sensed ranges
gradually increased until they regained their original level. This
demonstrates conclusively that temperature changes cause the
distmbuuon of range values 1o ranslate by significant amounts.

It is clear that heat cannot directly affect the phase shift
which camries the range informagon. Therefore, the drift ob-
served in those expeniments must be due to poor temperature
compensation in the elecrorucs used in the scanner. An impor-
tant lesson is that such effects may domunate the errors due to the
physics of the measurements.

4 Accuracy and Precision

We have introduced a theoreucal framework in Section 2.3 that
leads to a characierization of expected sensof accuracy for am-cw
laser radars. However, it is imponant to venfy that the sensors
do indeed follow the theoretical model. In pammcular, real sensors
include effects such as those described in Secuon 3 that are not
part of the theoreucal framework. Actual sensor accuracy is um-
portant in determunung what algorithms and what applicauons are
appropriate for a given sensor. In this secuon. we descnbe a senes
of experiments designed to measure range accuracy for the Enm
and Perceporon sensors under different conditions and to compare
it with the predicted theoretical values. Following (1], we disun-
guish between accuracy, the difference berween measured range
and actual range. and precision. the vanauon of measured range
to a given target To separate the errors due to scannung and the
errors due to acrual range measurements, we disunguush between
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a(deg) | ro(m) | Error (m) |
_Black (Sunny, Tights) 4559 | -1.52 028
~Black {Cloudv, Tights) 4434 | .73 0.20 |

Black (Cloudy no Lights} 441l 0.81 0.29
TEMTCILOM oudy, ights) || 4492 | -T.11 0.12
Wood (Clcudy, lights) 45.57 -1.26 0.09

Table 2: Accuracy results for different targets and lighting
conditions

The table shows accuracy results for various combinauons of
targets (one untreated cardboard slab, one cardboard slab painted
black, and a planar piece of wood) and lighting conditions (sunny,
cloudy, with and without room lights).

range precision and angular precision.
4.1 Accuracy

To determine the accuracy of the range measurements is to iden-
tify the distance between them and ground truth ranges. For a
1arget point lying in the direction (,-. /'), let 7 . . be the range mea-
surement reported by the scanner and let d . » be the true disiance
from the geometric origin, measured with a tape measure. Under
ideal conditions, we expect 10 observe a linear relauonship:

r..=ad.e+ro . ¥))
where ro is the offser distance from the ongin to the (conceprual)
surface corresponding 10 a range measurement of zero and g 1s
the slope.

To determine the parameters @ and ro, we acquire range
measurements of targets at six known distances between 6 and
16 m, and fit a line to the data. We illusorate the results fo-
the Perceptron scanner in Table 2, which shows the extracted
parameters from five tals under different conditions. Because
of range drift (cf. Secuon 3.4), we do not assign high confidence
to the parucular slope, intercept, and rms error enmes in the table.

Nevertheless, the variauon with surface material and light-
wng condigons is obvious. This suggests that the accuracy of the
scanner depends significandly on variables in Eq. (7). including
surface material, ambient illumination, and temperamre. Tt also
suggest that the effect of those variables 1s amplified by the paruc-
ular hardware used in those sensors, as described in Section 3. We
conclude by remarking that preliminary analysis of this and other
data suggests that the accuracy does not depend significanty on
targes distance.

4.2 Range Precision

To determine the precision of the range measurements is to iden-
ofy by how much repeated range measurements vary. Hers, we
quantify the precision as the standard deviation of a distribuuon
of measurements.

We have conducted a number of experiments in which we
take 100 images at each target position, and compute the standa.u
deviation of the depth measurements. In the experimenis, we
have examined how precision changes as a functon of ambient
Ulumunauon conditions, surface material of the target, distance
from the scanner to the target, and beam incidence angie at the
arget. In this section, we report on the effect of ambient ilum;-
nauon for the Perceptron scanner, and refer readers interested in
the other properties to Appendix A of [9].

To study the effect of ambient light on sensed range, we
place a target (in this experiment, a cardboard slab painted black)
at a known distance, take 100 images, and compute the variance tn
range at parucular pixels. We repeat this procedure for six target
distances between 6 and 16 m under different indoor lighong
conditions.

Figure 12 plots the results, which show that the precision
decreases with ntensity of illuminatdon. The results soongly
support the conclusion that the brighter 1s the ambient light, the
larger are the temporal variations tn the range measurements. As
in the case of accuracy, above, the effect of the vanables in Eq.
(6) is clearly visible in those expeniments. and it ts amplified by
the particular hardware implementation used. The resuits also
illustrate the dependence of precision of the square of the target
distance (cf. Eq. (6)).
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Figure 12: Range variance under different lighting condi-
tions
43 Angular Precision

To measure the angular precision of a scanner, or its repeaubility
in pixel position, we fix the scanner configuranon and scene, and
take a series of images. We position the scanner in front of a
vertcal wall on which we have drawn white circles of radius 12
cm, surrounded by black squares. We acquire a sequence of 10
images. From each intensity image we exmact the white circle
by thresholding, and then compute its centroid. We compute the
standard devianons of these centroids for several row and column
posidons.

We find that for both scanners, the standard deviarion of
the centroid is an order of magnitude smaller than the nominal
horizontal and vertcal angic increments, varies little over ume,
and varies little over different pixels in the image. The Percepton
has significantly better angular precision than the Erim.

These findings suggest that the angular precision of the
scanners is not a limidng factor. However, the expenimental
setung——stationary sensor and scene, gathering informadon over
a region—represents a best case, for which the angular precision
should be zero. Thus, the findings do not reveal the lunitatnons
introduced by relative sensor motion, and do not justify neglect-
ing angular variations as a source of random disturbances tn the
measurement process.

S Discussion

In this paper, we have examined in detail the 3-D measurements
supphied by amplitude-modulated laser radars. We presented
measurement models for this class of sensors, identified problems
unuque to the technology, and problems specific to the implemen-
tanon of sensors currendy available to the robotics community,
presented experimental performance results, and related our prac-
tical experience with the sensors. :

How good are the three-dimensional measurements? In
terms of speed and reliability for medium-range operatons, we
are not aware of any sensors with superior performance. So the
short answer is that they are very good.

The special problems——mixed pixels, crosstalk, deviations
from the scanning pattern, and range drift—make it necessary to
pre-process the images. For some problems, ¢.g. mixed pixels,
no solutions exist. Thus, range data interpretation algorithms,
lixe so many others in machine perception, must tolerate spurious
data.

The quantitadve performance, in terms of accuracy and pre-
cision, is highly vanable. It depends on geomemwic factors such
as incidence angle and target distance. We understand these rea-
sonably well. But it also depends significantly on non-geomerric
factors such as temperature, ambient illumination, and surface
material type. Even though detalled measurement model which
include some of those vaniables have been developed, there is still
a significant discrepancy between the theoretical sensor chbarac-
teristucs and the observed performance.
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Abstract

The Ambler is a six-legged robot designed to
walk in irregular and rugged terrain. Foot-
fall evaluation is the problem of predicting
the goodness of footfall locations given the
current status of the Ambler and properties
of the terrain. We use an inductive learn-
ing technique that implicitly correlates ter-
rain features to footfall stability and traction.’
The learning method also possesses the desir-
able characteristics of adaptability to differ-
ent environments, noise tolerance, ability to
be trained using relative measures, efficiency
and extensibility. This paper describes how a
feature-based neural net and a user-gpecified
cost classification scheme can be used to do
the evaluation and training. The approach
sketched here is applicable to cases where a
real-valued function is to be learned from rel-
ative measures.

1 INTRODUCTION

The Ambler is a six-legged robot designed for plane-
tary exploration [Bares,1989] (Figure 1). In order to
explore new regions and collect samples, the Ambler
must traverse unknown and geographically diverse ter-
rain.

The Ambler autonomously navigates terrain using per-
ception to guide its movements [Simmons,1991]. The
perception systemn of the Ambler takes a sequence of
laser range images and constructs a geometric terrain
representation — the elevation map [Hebert,1989).
The elevation map is a 2D grid in which each pixel
value is the elevation of the corresponding location
(Figure 2).

The Ambler walks by lifting one leg vertically, swing-
ing 1t horizontally, extending it down until terrain con-
tact, and then sliding the body forward. The sequence
of leg moves 1s determined by a gait plannuing algo-
rithm which uses geometric constraints (such as the
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Figure 1: The Ambler

leg reachability and body support) to limit the feasible
range of footfall locations. Once a region of geometri-
cally feasible footfalls is selected, the footfall planner
evaluates and chooses the best possible footfall within
that region, given the current status of the Ambler and
properties of the terrain [Wettergreen,1990]. Criteria
for goodness may include maximal stability, maximal
forward travel for the body, minimal power dissipa-
tion, best maneuverability, and/or enough traction for
the movement. Different criteria may be important
depending on the task of the Ambler or its current sit-
uation. For simplicity and integrity, the same evalua-
tion function should have the capability of addressing
individual criterion by changing the parameters of the
function. To achieve real-time performance, efficiency
is also a consideration.

In [Caillas,1989], several measures for the goodness of
foot{all locations {from an elevation map are proposed.
As indicated in that paper, a single feature is not suf-
ficient to ensure that a footfall position is completely
safe. Some form of fusion to combine multiple features
is thus required.
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Figure 2: An example of a terrain elevation map

In order to combine features to reliably choose footfall
locations, we decided to train a neural net to evalu-
ate the goodness of the terrain. This choice was based
mainly on the fact that no explicit model exists relat-
ing terrain features to footfall stability and traction.
As will be discussed in Section 3, off-line training of the
neural iiet is desirable. For off-line training, peopie can
visually pick out good and bad footfall locations fairly
reliably. Typically, however, the user can specify only
the relative goodness between two footfall locations,
not exact numerical values. An absolute value for the
goodness of a footfall location is only obtainable for
extreme cascs, such as totally flat regions.

Due to sensor noise, the learning method should be tol-
erant of noise and exhibit graceful degradation. The
ability to use feedback from real runs as training data
is necessary for adapting to different environments, or
for fine tuning to distinguish subtle differences not cov-
ered by the ofl-line training.

Also, when new properties of the terrain or new status
of the Ambler are available, the method used should
have the ability to incorporate them easily.

Section 2 of this paper describes the method of using
a feature-based neural net as the evaluation finction.
Section 3 describes how users specify training cases
and Section 4 describes the way training is done using
that specification. Then, in Section 5, experimental
results are discussed. Finally, the paper concludes with
a plan for future extensions.

2 THE EVALUATION FUNCTION

We can intuitively identify those terrain features that
are likely indicators of good footfalls — roughness,
and the first and second order change of the terrain.
However, there is no direct mapping between terrain
features and the desired footfall characteristics of sta-
bility and traction, and no single feature suffices to
determine the characteristics. It is also very difficult
for a human to come up with a reliable combination
function.
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Figure 3: The footfall evaluation function

A feature-based neural net approach is thus proposed
as the way of computing the evaluation function (Fig-
ure 3). We use a three level feed-forward net with one
output node, 8 input nodes, and 8 hidden level nodes.

The output of the net is a real value ranging from 0 to
1.

Each feature at a given location is calculated by exam-
ining the 5x5 surrounding region of the elevation map.
The features currently used include:

o slope and residual in plane fit : Fit a plane to
the region by least square error approximation.
The slope of the plane is then calculated as the
tangent of the angle between the fit plane and a
referencing horizontal plane. The residual is the
average of least square error of the fit.

o maz-min : The difference between the maximum
and the minimum elevation in the region.

e free volume : The unoccupied volume located be-
tween the foot plane and the surface of the terrain.

e mean, mazimum, and Gaussian curvafure : .Fit
the region into a quadratic plane : = f(z,y),
where z is the elevation. Then, calculate the mean
curvature, Gaussian curvature and the maximum
curvature directly from the parametric function of
the quadratic plane.

e normal change : Fit nlanes to the x. y, and 2
component of the surface normals respectively.
Sum the slopes of the fit planes to get the nor-
mal change.

These features are chosen because they approximately
model the roughness of the terrain (the residual in
plane fit), the first order change (the slope of the fit-
ting plane), the second order change (the various cur-
vatures and normal change), and combinations of these
(max-min and free volume).

The computation of these features is fast because all
the derivations are analytical and some of the inter-
mediate results (like the surface normal) are shared
among features. The complexity of the calculation is
basically O(nm), where n is the size of the surrounding
region based on which the computation is done (in this
case, 25), and m is the number of candidate footfall
positions to be evaluated.




3 USER SPECIFIED COST
CLASSES

Although we will ultimately train the net using feed-
back from actual Ambler steps, it is preferable to first
train the system off-line on synthetic data. The reason
is as follows: First, as the cost of failure for the Ambler
is too high, it is more desirable to start with a reason-
able footfall evaluation function. Second, training on
synthetic data allows us to easily create pathological
cases. Third, we can easily train the evaluation func-
tion from the conceptually easiest cases to the hardest
ones, which may help the learning algorithm converge
faster.

One problem with this approach is that the user is
not able to give the precise values required to train a
neural net. A scheme for the user to specify relative re-
lationships between footfall locations is thus required.

The user classifies the sample terrain as regions of dif-
ferent cost classes (say, ”"very low”, "low”, "high”, and
"very high”) using a graphics-based interface. Over-
lap among regions is allowed to account for inexact
classification or uncertainty. Unsure locations are left
unclassified.

In addition, to emphasize different aspects of the ter-
rain, mulitiple classifications can be specified for the
same elevation map. This enables the user to do
the classification in a hierarchical manner, in which
a coarse classification is done, followed by finer classi-
fications to address subtle differences. Thus, Figure 4
shows a region classified as "high” in one case, and
then further subdivided on a subsequent training run.
This approach not only facilitates the classification but
also speeds up the convergence of the neural net.

Very : High :;u: :

i I I i

High High : € : :
[ '

Very Low

Low

Figure 4: Hierarchical user classification (left: a coarse
classification, right: a fine one on High region}

4 THE TRAINING METHOD

As the training data supplied by the user classifica-
tions consist of relative measures. two problems must
be handled. One is that the output of the net may
cluster in a smail range of values. The other is that
target values have to be estimated in order to make
the learning algorithm work.

The first problem can be solved by feeding extreme
cases (those with output of exactly 0 or 1) into the
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net periodically (e.g., every 10 training cases). The
conjecture is that the distribution of the output wiil be
anchored by the extreme cases. Experimental results
evidence our supposition.

The second problem can be solved by estimating the
target value from current output of the net. Pairs of
locations from different cost classes are compared to
see if the neural net evaluations of each pair are in the
relative order specified by the user. Qut-of-order pairs
are selected as the training cases. The target value for
a training case is then formed as the mean value of
the current goodness of the pair plus (or minus) some
offset (which affects the learning rate). The offset will
increase the difference between the target value and
current outcome of the net. The use of either a mean
or the value of the other location in the pair will not
make much difference. The use of an offset, however, is
significant to the success of learning. As the neural net
learning is incremental, the values of the out-of-order
pair tend to approach each other gradually, rather than
just be switched at once. When the values of the pair
are too close to each other, the offset can improve not
only the speed of learning but also the ability to switch
the ordering. The value of the offset should not be
too large or too small (in our case, it is set to 0.07).
In the former case, overshooting may happen and the
learning curve may become damped. In the latter case,
the learning will be too slow.

The training procedure is thus as follows:

1. Initialize the weights of the net by random values
or load them from some previously trained results.

2. Get a sample terrain and a user specified cost clas-
sification as described in Section 3.

3. Calculate tlic featurs values of every classified lo-
cation.

4. For each pair of locations from different cost
classes, if the current neural net evaluation for
the pair indicates a different ordering from the
user specified cost classes, then construct a tar-
get value as described above and modify the
net weights using the back propagation algo-
rithm [Rumelhart,1988].

5. Train the net on extreme cases periodically to help
stretch out the distribution of output values.

6. Repeat steps 4 and 5 until no out-of-order location
pairs can be found.

5 EXPERIMENTS

Three synthetic terrains were created and classified
based on user’s determination of stability and trac-
tion. One terrain consists of ramps with different
slopes (Figure 5, the elevation is scaled by a factor
of 4 for better viewing). Another consists of planes
with different roughness. The third terrain contains
hills of various shapes. In addition, for each terrain,
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finer classifications were provided to emphasize sub-
tle differences. For example, in the terrain of various
slopes (Figure 5), one classification distinguishes high
slope planes from low slope ones; another distinguishes
locations along the edges from those inside a plane; a
third distinguishes higher locations aiong an edge from
lower ones.

Figure 5: A synthetic training terrain

The net is initialized with random values, then the
synthetic terrains are provided for training one after
the other. The training converges very fast. For ex-
ample, for the training on the terrain with different
slopes, initially 648 pairs are out of order. After the
net is provided with 30 training cases (where a train-
ing case is either from an out-of-order pair or an ex-
treme value), no additional out-of-order pairs remain.
For the two finer classifications, which are conceptu-
ally harder, it totally takes about 80 training cases
to converge. This high speed of convergence probably
comes from the small size of the net, the relevance of
the chosen terrain features, and the correct sequenc-
ing of the coarse-to-fine approach. When the training
is done by presenting the finer classifications first, the
convergence takes about 180 training cases.

The footfall cost map of the synthetic slopes after the
training is shown in Figure 6. As can be seen from
the graph, the edge locations are very bad footfall lo-
cations {with high values) and the difference among
ramps of various slopes is not very significant (note
that the elevation is exaggerated). This is intuitively
what one could expect.

An actual terrain map (Figure 2) with a user cost
classification was obtained as a reference terrain to
see how well the function learned from synthetic data
can work on real, noisy terrain data. The results are
quite encouraging: the trained net produces only 16
out-of-order pairs, out of around 50,000 possible pairs.
The problem of noise seems to be handled well. This
ability to tolerate noise derives partially from the in-
herent interpolating ability of a neural net and par-
tially from the abstracting and filtering ability of our
feature-based approach.

The footfall cost map of the relerence terrain is shown
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Figure 6: Footfall cost map of the training terrain

in Figure 7. As can be seen from the graph, the re-
sult of training seems promising. Those bad footfall
locations (along the step-like edge and around small
protrusions) stand out very well, while mainly flat ar-
eas have very low values. Figure 8 shows the learning
curve in terms of the number of out-of-order position
pairs in the reference terrain. The asymptotic conver-
gence of the curve also demonstrates the feasibility of
the learning approach.
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Figure 7: Footfall cost map of the reference terrain

The computation time for evaluating a 30x30 elevation
map (i.e. 900 points) is 10 seconds on a Sun Sparc
workstation. However, the number of feasible foot-
fall locations received from a gait planner is typically
around 100. A computation time of 1 to 2 seconds is
thus expected for the real run. The off-line training for
the curve shown in Figure 8 takes about 20 minutes.

6 CONCLUSION AND FUTURE
WORK

We have developed a method to learn footf(all evalua-
tion that relates terrain features to the desired criteria
of stability and traction. The approach sketched here
is applicable to cases where a real-valued function is
to be learned from relative measures.

In future work, we plan to test the generality of the ap-




out-of-order pt pairs REFERENCE TERRAIN
$20
419
318
217
116
¥ R — 110 160

number of training steps

Figure 8: Learning curve for the reference terrain

proach by doing additional experiments on more real
terrain data. We further plan some extensions to the
method presented here. One is to fine-tune the evai-
uation function as the Ambler is actually walking, by
using force/torque sensor and tilt angle feedback as
a measure of stability and traction. Other extensions
include incorporating more features from other sen-
sors, such as camera images, and exploring the footfal}
evaluation function for other criterion, such as mini-
mal power consumption.
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Abstract

To survive the rigors and isolation of planetary ex-
ploration, an autonomous rover must be competent,
reliable, and efficient. This paper presents the Am-
bler, a six-legged robot featuring orthogonal legs and
a novel circulating gait, which has been designed for
traversal of rugged, unknown environments. An au-
tonomous software system that integrates perception,
planning, and real-time cantrol has been developed to
walk the Ambler through obstacle strewn terrain. The
paper describes the information and control flow of the
walking system, and how the design of the mechanism
and software combine to achieve competent walking,
reliable behavior in the face of unexpected failures,
and efficient utilization of time and power.

1 Introduction

To explore the surface of another planet, a mobile
robot must be highly competent, reliable, and effi-
cient. A robot competent enough for planetary explo-
ration must be highly mobile, perceive rugged terrain
accurately, and successfully plan and execute paths
through extreme environments. To ensure reliable be-
havior, the robot must never try to exceed its capa-
bilities, should monitor its own health and safety, and
be capable of reacting to failures in a timely and ap-
propriate manner. Finally, it is highly desirable for the
robot to be efficient in terms of its resource utilization,
especially power and computation, since it must carry
these on board.

We have built and are currently testing the Ambler,
a six-legged robot designed for competent, reliable,
and efficient planetary exploration (1, 2, 21]. The Am-
bler has a novel configuration consisting of a stacked
arrangement of orthogonal legs (Figure 1). It features
a unique circulating gast, where trailing legs recover
past all others to' become leading legs, that signifi-
cantly decreases the average number of steps needed
for travel. The Ambler has been designed to stably
traverse a 30° slope while crossing meter sized surface
features (e.g., ditches. boulders, and steps).

A legged configuration offers several advantages over
wheeled locomotion [1]. Walking machines isolate the

.
Figure 1: The Ambler Robot

robot’s body from the underlying terrain and can pro-
pel the body (along with terrain sensors and scien-
tific equipment) on a trajectory that is relatively in-
dependent of terrain details. Due to the ability to
choose footfalls that conform to the terrain, the Am-
bler provides-a high degree of stability and safety while
traversing very uneven terrain. Wilkers are theoreti-
cally power efficient in part because the body can be
maintained at a fairly constant orientation and eleva-
tion, and because power losses due to terrain .interac-
tions are minimized by discrete foot placements.
While other walking machines have demonstrated
advanced capabilities (e.g., [6, 8, 19, 23]), the major-
ity are either teleoperated or operate under supervi-
sory control. In contrast, we have developed an au-
tonomous software system for navigating the Ambler
in rugged, unknown terrain. This is especially impor-
tant in planetary exploration: due to long signal delay
times from Earth, teleoperation would not be very pro-
ductive or reliable.
44 The walking system integrates perception, planning,
real-time control, and task-level control. The per-




ception subsystem uses data from a scanning laser
rangefinder to autonomously calibrate the rangefinder
and to build 3D maps of the terrain. The planning
subsystem combines kinematic, terrain and pragmatic
navigational constraints to find leg and body moves
that provide good forward progress and stability. The
real-time control coordinates the Ambler’s joints to
perform accurate leg and body moves, maintains the
dead-reckoned position, and monitors the status of the
robot. The task-level control facilitates concurrent op-
eration of the subsystems, reliable execution monitor-
ing and error recovery, and management of the Am-
bler’s computational and physical resources.

In numerous trials, the Ambler has autonomously
walked through rolling, sandy terrain and across meter
tall boulders, ditches, and ramps. The system incor-
porates many safety features to prevent the Ambler
from harming itself, such as ensuring that the rover
remains stable and monitoring for unexpected terrain
collisions. The safety features are hierarchically lay-
ered, with critical low-level checks implemented di-
rectly in hardware, mid-level safety checks performed
by the real-time controller, and additional checks per-
formed by the planning and task-control subsystems.

The next section presents the mechanical configura-
tion of the Ambler and Section 3 describes the walk-
ing system and our experiments to date. Sections 4, 5
and 6 describe the design rationale for the system in
terms of the desired characteristics of competence, re-
liability and efficiency, respectively. Finally, Section 7
concludes with plans for future work.

2 The Ambler

The Ambler is configured with six legs, arranged in two
stacks on central shafts (Figure 1). Its height ranges
from 4.1 to 6.0 meters, and its width can vary be-
tween 4.5 and 7.1 meters. The shafts are connected
to an arched body that supports four enclosures hous-
ing electronics and computing. This includes two CPU
boards for real-time control, nine Creonics motion con-
trol cards, and three Sun workstations. Communica-
tion with the outside world is via a tethered Ethernet.

The Ambler’s legs are orthogonal mechanisms that
decouple horizontal and vertical motions (Figure 2).
Motion of the vertical links is accomplished using a
rack and pinion drive. The Ambler’s feet can passively
rotate about the vertical axis. The two degrees of free-
dom of horizontal motion are provided by a rotary link
around the central shaft and an offset extensional link.
The rotary joint is continuous, with the leg electronics
connected to the body via multi-ring sliprings. To re-
duce the number of conductors that must pass through
the sliprings, non-time-critical signals are multiplexed.

The stacked legs and body cavity between the stacks
enable the Ambler to exhibit a novel circulating gast.

Figure 3: Level Body Motion

where a trailing leg recovers through the body cavity
and past the other two legs on the stack to become
the new leading leg. The circulating gait is depicted
in Figure 4, where a sequence of leg and body moves
is shown from left to right across the page. As the
Ambler moves forward, the bold leg (leg 1) completes
a full counter-clockwise revolution about the left body
shaft. During the same period, all other legs also circu-
late to their original positions. The use of a circulating
gait enables the Ambler to use approximately one-half
to one-third the footsteps of a follow-the-leader type
walker with similar legs.

The Ambler is designed to walk with a level body.
This enables body moves to be decoupled into mo-
tion in the horizontal plane (translation and rotation)
and vertical raising and lowering of the body (Fig-
ure 3). Legs adjust individually to terrain roughness
and maintain the body in a level orientation over the
terrain. Equal displacements on all legs are used to
lift the body in climbing slopes, steps, etc. Level body
motion simplifies the control problem by reducing the
number of joints that must be simultaneously coordi-
nated and provides the Ambler’s terrain sensors with
a predictable field of view.
45The Ambler has a number of sensors to monitor its
progress and safety. Each motor has a fail-safe load
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holding brake that activates automatically when power
to the rover is lost. All joints have both absolute and
incremental (optical) encoders for servo control and
dead-reckoning. The prismatic joints each have limit
switches to detect excessive trave! of the links, and
six axis force/torque sensors mounted on each foot
are used to detect terrain contact. Two inclinome-
ters on the body indicate tilt and roll from the hor-
izontal plane. Perception of the terrain is provided
by a forward-pointing scanning laser rangefinder and
a black-and-white CCD camera.

3 Autonomous Walking

The Ambler walking system consists of a number of
distributed modules (processes), each with a specific
functionality. Roughly, the modules divide into plan-
ning, perception, and real-time control functions. Fig-
ure 5 illustrates the information flow between modules.
In this section, we briefly describe the functionality of
the modules, detail the information and control flow
that combine to produce autonomous walking, and
present some of our experimental results to date.

3.1 System Modules

The Controiler module is the interface to the Ambler
mechanism. It controls the execution of leg and body
moves, and monitors the electronics and sensors to de-
tect faults. The Controller runs on two CPU boards
in a real-time, multi-tasking environment. One CPU
is dedicated to trajectory generation and communica-
tion with other modules. The other executes horizon-
tal and vertical trajectories, sending out updates to
the motion control boards every 10msecs.

The Controller also maintains the dead-reckoned
stance (body and feet locations) of the Ambler. Given
an initial stance. the positions of all feet in the global
frame are computed. Thereafter, following each body
move the Ambler’s location is estimated by finding the
rotation matrix and translation vector that. with the

Figure 5: Information Flow Between Modules

least squated error, transform the positions of the feet
in the vehicle frame to their stored positions in the
global frame. This method of dead-reckoning is fairly
accurate (typically within 1-2cm), and can often detect
when individual feet have slipped.

The Scanner Interface and Camera Interface mod-
ules acquire images from a 2D scanning laser
rangefinder and a black-and-white CCD camera, re-
spectively. The modules tag the images with the cur-
rent dead-reckoned position. The Image Queue Man-
ager receives range and camera images, and stores
them for use by other modules. This module also
pre-processes images, performing such tasks as edge
detection and flagging bad data pixels.

The Local Terrain Map module utilizes the range
images to construct elevation maps of the terrain (Fig-
ure 6). It uses the Locus Method, which is an ef-
ficient algorithm for transforming and interpolating
range data from the scanner frame into Cartesian co-
ordinates [5]. To construct maps useful for planning,
occluding legs are masked out of the images, the maps
are filtered to reduce noise, and occluded and unknown
regions are flagged {12].

Three planning modules are used to calculate se-
d\fences of leg - 1 body moves that enable the Ambler
to fo! »w ares oi different radii. The Gait Planner uti-




cigure 6: Local Terrain Map

lizes constraints on the Ambler’s kinematic motion to
determine maximal body moves along the arc. Kine-
matic and pragmatic constraints (e.g., “do not place a
leg in front of the body”) are combined to determine
feasible moves for the legs. The Footfall Planner an-
alyzes elevation maps to determine desirable locations
to place the feet. The Leg Recovery Planner produces
efficient trajectories to move the legs to their desired
locations. R

We are currently developing a graphical User In-
terface module for interacting with the system. The
module will provide users with an overhead view of the
area around the Ambler, enable users to interactively
specify a series of arcs to be followed, and provide feed-
back regarding the progress and status of the Ambler
and the software system.

The modules are integrated into a complete system
using the Task Control Architecture (TCA) (14, 20,
22]. While conceptually the modules communicate di-
rectly with one another, in reality they send messages
to a centralized task control module, which logs the
messages and routes them to the appropriate modules
to be handled. TCA also maintains hierarchical task
trees (Figure 7) that are used to coordinate the plan-
ning, task execution, and monitoring and error recov-
ery needed by the walking system.

3.2 Control Flow ...

This section describes a typical autonomous walking
cycle. The system first calibrates the laser scanner.
We have developed an automatic calibration procedure
that moves a leg to various positions within the scan-
ner's field of view, uses image processing techniques
to locate targets on the leg, and calculates the trans-
formation that minimizes the error between the target

Figure 8: Conservative Support Polygon

locations in the images and their projected positions
based on the kinematics of the leg [11]. The procedure
is quite reliable and accurate, on average yielding a
t.m.s error of Scm.

To begin walking, a series of arcs is input. TCA
forwards each arc in turn to the Gait Planner, which
issues a “takeStep” message to begin the planning
process (Figure 7 illustrates the control flow: double-
headed arrows denote queries to other modules, single-
headed arrows denote task decomposition, and gray
arrows indicate sequentiality). The Gait Planner first
finds a body move along the arc that does not violate
the limits on leg motion and keeps the Ambler’s cen-
ter of gravity within the conservative support polygon
(CSP) [16]. The CSP, which is the intersection of all
five-legged support polygons, is the area within which
the Ambler will remain stable even if any single leg
fails (Figure 8). The chosen body move is then sent
via TCA to the Controller module.

The Controller executes the planned body move by
computing, for each leg, the trajectory of horizontal
joint motions that will simultaneously translate and
rotate the body to achieve the commanded position.
The Controller precisely synchronizes the twelve hori-
zontal joints to achieve smooth acceleration and decel-
eration of the body. When the body move completes,
TCA notifies the Scanner Interface and Camera In-
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terface modules to acquire new images. If any errors
occur, the Controller halts ail motion and engages the
brakes. A separate Error Recovery module is then in-
voked to handle the situation (see Section 5).

While the body move is occurring, the Gait Plan-
ner plans to move the leg that maximizes subsequent
body motion. It finds a region of geometrically fea-
sible footfalls based on the limits of the leg’s motion,
the need to avoid colliding with the current leading
leg, the desire to avoid placing the leg in the path of
the body, and the need to maintain conservative sup-
port in subsequent moves [26]. The Footfall Planner
provides estimates, within the geometrically feasible
region, of the goodness of the footfalls with respect to
the underlying terrain, and the Gait Planner chooses
the best one.

While the stability and traction of a footfall can-
not be determined directly from the elevation maps,
they can be estimated from features such as the slope,
roughness. and curvature of the terrain. The Footfall
Planner combines these features using an evaluation
function whose coefficients are learned by a neural net
(7). The net is trained off-line in advance using human-
supplied preferences on footfall locations (e.g., “good”,
“very bad”). For each pair of locations where the eval-
uation function indicates a contrary preference, back-
propagation is used to update the weights in the net
based on the difference between the two values.

The Gait Planner sends off the chosen footfall to
the Leg Recovery Planner and, if the end of the arc
has not been reached, sends a “takeStep” message to
itself to plan out the next move (Figure 7). In this
way, the system simultaneously executes one step while
planning the next [20). |

The Leg Recovery Planner (LRP) requests an eleva-
tion map that encompasses the possible paths between
the current leg location and the chosen footfall. The
Local Terrain Map module, in turn, requests from the
Image Queue Manager a series of the most recent scan-
ner subimages that contain relevant range data. The
Locus Method is then used to compute the desired el-
evation map. ’

The LRP first determines a trajectory for the hor-
izontal joints that avoids collisions with the terrain
and the mechanism itself. It then optimizes the ver-
tical trajectory to minimize travel time. This is ac-
complished by projecting an envelope of vertical loca-
tions created by assuming that the leg raises/lowers
at full speed while traveling horizontally. Purely ver-
tical moves are added only when the envelope wouid
intersect the terrain. The LRP then issues a leg move
command, which TCA quenes until the previous body
move is completed.

The Controller generates leg move trajectories that
are linear in joint space. As with the body move. the
three leg joints are coordinated so that all motions
start and end simultaneously. The Controller checks

the leg move for feasibility, refusing to perform the
move if the leg would exceed safe limits, or collide
with other legs or the Ambler’s body. During execu-
tion, the force sensor is set to trigger an interrupt if a
force threshold is exceeded, signifying terrain contact.
This is treated either as the successfui completion of a
leg move or as an unexpected collision, depending on
where in the trajectory it occurred. Typically, by the
time the body and leg moves have been executed, the
planner is ready with a new pair of commands.

3.3 Experiments

We are in the midst of an extensive experimental pro-
gram to test the limits of the Ambler and the walking
system. The Ambler currently operates within a large
indoor area that can be sculpted to provide a variety
of terrains (Figure 9). We have also implemented 2D
and 3D graphical simulators to facilitate development
of planning and task control software [24], and devel-
oped a full dynamical simulation program to help us
better understand the real-time control problems [17).

The Ambler has autonomously walked along a va-
riety of arcs. The system has little trouble traversing
ares of different radii, although transition between arcs
is not always smooth and sometimes feet must be shuf-
fled. The Ambler has walked over boulders up to one
meter tall, crossed a 30° wooden ramp, and negoti-
ated sandy, rolling terrain. Observed slippage of the
feet is minimal, and the change in tilt varies by only a
fraction of a degree per move. To compensate for ac-
cumulation of tilt, however, the Controller periodically
adjusts leg heights to level the Ambler.

Obstacle avoidance has sometimes been a problem,
due to unreliable readings from the scanner caused by
mechanical and electrical problems. This is compen-
sated for, to some degree, by maintaining a large safety
zone around the foot as it moves through space. In any
event, the Controller can stop the leg in less than a
second when the force sensors detect unexpected colli-
sions. We anticipate that on-going repairs to the scan-
ner will alleviate much of this problem.

Average walking speed, including all computation,
is 35¢cm/min (each body move is about 50cm). Mov-
ing the mechanism is the main limitation to the speed.
During operation, the Controller is active about 80%
of the time, while the planners and perception subsys-
tems are each active about 50% of the time, and the
centralized Task Control module is active only about
3% of the time (the total is greater than 100% because
operations occur concurrently). To date. the Ambler
has walked autonomously well over a kilometer.

We have also used preplanned motions to test the
limits of the Ambler’s mobility. This has included step-
ping down the sheer face of a meter high rock into a
meter deep trench, propelling with several feet poised
on the edges of boulders, walking with one foot in the

48




Figure 9: The Ambler Testbed

aif tto demonstrate conservative support). and raising
the hody to its full height of six meters.

Current experiments involve long-term autonomous
operation: the goal is to have the Ambler perform
many hours of figure-eight circutts without human in-
tervention. One difficulty is that with each step the
Ambler’s dead-reckoned position drifts fron its actual
position, causing it to veer off course. To compensate
for this, we are developing a Position Estimation mod-
ule that visually determines position with respect to
known landmarks (in this case. window f{rames). The
method identifies landmarks by extracung strong ver-
tical edges from black-and-white images. and searches
an interpretation tree to determine the position {rom
which the identified landmarks would he visible 19}
This position estimate is then combined with the dead-
reckoned position based on their relative uncertainties.
The new estimate of the Ambler’s position can then be
used for more reliable navigation

4 Competence

The folicwing three sections discuss how the contizura-
“on of the Ambler and the compornents of the wainnz
svstem combine to produce competent. rehiahls 4nd
~tRcient behavior
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air (to demonstrate conservative support), and raising
the body to its full height of six meters.

’ Current etperiments involve long-term autonomous
operation: the ‘goal is to have the Ambleér perform
many. hours ‘of figure-eight citcuits without himan in-
tervention. One difficulty is that with each step the
Ambler's dead-reckoned position drifts from its actual
position, causing it to veer off course. To compensate
for this, we are developing a Position Estimation mod-
ule that visually determines position with respect to
known landmarks (in this case. window frames). The
method identifies landmarks by exuacung strong ver-
tical edges from 'black-and-white images. and searches
an interpretation tree to determine the position from
which the identified landmarks would be visible [9].
This position estimate is then combined with the dead-
reckoned position based on their relative uncertainties.
The new estimate of the Ambler’s position can then be
used for more reliable navigation.

4 Competence

The following three sections discuss how the contizura-
tion of the Ambler and the components of the waixing
system combine to produce competent, refiable, and
efRcient behavior.
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itates stepping on and climding sloped surfaces. The
long leg stride enabled by the circulating gait reduces
the total number of foot placements needed and avoids
the need for feet to place adjacent to one another. This
advantage is diminished somewhat, however, by the
stacking of the legs, which reduces the area of available
footfalls as compared with designs that space orthog- -
onal legs along the sides of :he body [1].

To take advantage of the ability to step in tight
spaces, motion control must be extremely accurate.
The Ambler is built to be very rigid: the measured
sag of the body while standing is only 2em. The joints
are similarly accurate: the prismatic joints ¢an be con-
trolled within millimeters of the commanded motion.
and the backlash of the rotary joint is less than a hun-
dredth of a radian. In any envent. deflections in lex
links and actuators have insignificant effect on the pla-
nar linkage geometry of orthogonal legs. enabling ac-
curate body motion.

The ability to step in tight spaces also depends on
the accuracy of the terrain maps. The laser scanner we
use digitizes to 12 bits over a range of approximately
40m. which provides a range resolution of lcm. Taking
into account sensor noise and the uncertainty inherent
in the calibration procedure. the eflective resolution of
the elevations maps is around 10cm. This means that
we can confidently place the 30cm foot within an area
about 30cm wide, which is qune adequate for all but
the most extreme terrains.

The planning algorithms provide a fairly general ca-
pability for walking in cluttered terrain. [n particu-
lar. the Gait Planner combines kinematic. terrain and
praginatic constraints to plan moves both forwards and
hackwards along arcs of any radius. including straight-
line paths and point turns. In addition. we are investi-
sating other modes of walkiny. such as “crippled”™ zaits
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5 Reliability

Given its distance from Earth, both in time and space,
it is clear that a planetary rover must be extremely
self-reliant. The rover must detect unexpected condi-
tions, including hardware and software probiems, and
react to them in a timely and intelligent manner. This
may include requesting assistance from humans when
situations arise that the rover itself cannot handle.

Our approach is to provide a hierarchy of safety
features, extending from hardware, through real-time
control, to the planning and task-level contro! soft-
ware. The lower level safety features react on a short
time scale and reflexively act to stabilize the Am-
bler (typically by halting its motion) when unexpected
events are detected. Once stabilized, higher level pro-
cedures are activated that analyze the situation and
take corrective action.

The Ambler has a number of hardware features to
prevent damage to the mechanism (see Section 2).
Prominent is a safety circuit that continually monitors
the motor amplifiers, motion control cards, and limit
switches, disabling all motion commands and enabling
the brakes if a fault is detected. The safety circuit also
monitors for a “heartbeat”, a periodic signal from the
Controller module that indicates a functioning soft-
ware system.

Before executing moves, the Controller uses kine-
matic models of the Ambler to verify that the com-
mands generated by the planners are valid. In partic-
ular, it ensures that joint limits will not be exceeded,
that leg/leg and leg/body collisions will not oceur, and
that the Ambler’s center of gravity will remain within
the support polygon of its legs. During execution of leg
moves, the force sensors are used to detect both liftoff
and terrain contact (either planned or unpianned).

A major concern with traversing unknown terrain
is that the rover could tip over. if the terrain collapses
under its weight. While the Ambler will remain stable
up to about 17° of tilt, for reasons of both safety and
efficiency it is preferable to keep it nearly level. We
are investigating several methods for dealing with this
problem. One is to use the leg to preload the soii be-
fore committing to a step. Another method involves
active leveling, where feedback from the inclinometers
is used to servo the joints to maintain a level pos-
ture. Research continues in this area, utilizing both
the Ambler and dynamical simulator to determine op-
timal strategies for maintaining both body attitude
and altitude (18].

Once the Controller stabilizes the Ambler in re-
sponse to failures, a high-level Error Recovery mod-
ule is invoked to analyze the problem and determine
appropriate recovery steps. The simplest procedure,
used mainly in cases of unexpected terrain collisions,
is to cancel steps that have already been planned and
replan from the current stance. Other recovery strate-

gies include shuffling legs when the planners cannot
find feasible moves, lifting the body to pass over un-
expectedly tall obstacles, and informing human oper-
ators to handle unrecoverable hardware fauits. If all
else fails, the Ambler can be teleoperated through the
Controller module interface.

The conservative, deliberative approach of the Am-
bler walking system contrasts sharply with the more
reactive approach (3] favored in micro-rovers such as
Ghengis [15]. While both Ghengis and Ambler can
react to terrain contact, Ambler uses higher-level per-
ceptual and cognitive processes to plan its way out of
difficultiea. We feel that in planetary missions, where
failure cannot be tolerated and response time is not
critical, the deliberative approach is potentially more
reliable because it can compare alternatives based on
global information.

Sensor reliability is extremely important in au-
tonotnous systems. Planning decisions and error de-
tection depend on the quality of the sensed data. Since
no sensor is perfect, we utilize several methods to im-
prove reliability. One is to use redundant sensors and
sensor modalities. For example, if a force sensor fails
to detect ground contact (which has actually occurred)
the leg will drive into the ground, jacking up the rover.
This can be detected both by the inclinometers and
by unexpected force redistributions in the other feet.
Another method for improving sensor reliability is to
utilize a model of the sensor to characterize and/or
reduce its uncertainty. Such a model has been devel-
oped for the laser scanner [13] and has proven useful in
doing calibration, filtering images, and producing hig'.
quality elevation maps.

6 Efficiency

Power is at a premium in space missions, so pl-aetary
rovers must be extremely efficient. In addition, they
should minimize the time spent in performing tasks, to
accomplish as much as possible during their relatively
limited missions.

The Ambler’s orthogonal legs and level body mo-
tion produce an efficient walking machine. Because
horizontal and vertical motions are decoupled, orthog-
onal legs eliminate energy losses due to geometric
work, a principal cause of inefficiency for many walkers
[25]. With level body motion, the vertical links carry
most of the rover's weight, making body propulsions
more efficient. While vertical body lifts require signifi-
cant power, they are only performed when walking up
slopes or over very large obstacles.

Currently, using only off-the-shelf components, the
steady-state power consumption of the motors, ampli-
fiers, and associated electronices for the 2500 kg Ambler
is about 1800 watts. Lifting and moving a single leg

5t.6kes an additional 150 watts, propelling the body hot-




izontally takes 450 watts, and lifting the body uses an
additional 1800 watts above steady state.

One consequence of reducing power consumption is
slow speed. While speed could be increased, with-
out affecting the power budget, by using more effi-
cient motors, amplifiers, and lightweight materials, the
mechanism itself only partly determines overall walk-
ing speed. Perception and planning are also signifi-
cant. We reduce this time both in algorithm design
and with concurrency.

While laser scanners use more power than passive
sensors such as cameras, there is a large savings in the
computation needed to produce terrain maps. This is
primarily because laser scanners determine distance di-
rectly, greatly simplifying the transformation between
image data and elevation maps. In addition, the Locus
Method used to do the transformation is quite efficient
(5]. To reduce the number and sizes of images that
must be examined, knowledge of the scanner’s field of
view is utilized to examine only those subimages that
may contain data relevant for producing a map of a
desired region.

The Gait Planner reduces the need for look-ahead
search by combining constraints on the Ambler’s kine-
matic limits and with heuristic constraints on future
feasible moves. These constraints also reduce the area
that the Footfall Planner must consider, which in turn
reduces the demand on perception. The Leg Recovery
Planner takes advantage of the Ambler’s orthogonal
leg design to find near optimal trajectories efficiently.
In particular, it decomposes the problem into horizon-
tal and vertical subproblems, producing ramping tra-
jectories that carry legs over obstacles with minimal
vertical motion.

The Task Control Architecture is used to achieve
concurrent perception, planning and control. TCA
notifies the perception subsystem to asynchronously
acquire (and preprocess) images following each body
move. For planning and control, the TCA’s task trees
and temporal constraint mechanisms are used to coor-
dinate the concurrent execution of one leg/body move
cycle while planning the next [20]. All in all, the use
of concurrency enables the Ambler to achieve nearly
continuous walking motion.

7 Conclusions

To survive the rigors and isolation of planetary ex-
ploration, an autonomous rover must be competent,
reliable, and efficient. To investigate such issues, we
have designed and built the Ambler, a unique six-
legged robot featuring orthogonal legs and a circulat-
ing gait. A comprehensive software system has been
developed that combines perception. planning, real-
time and task-level control to walk the Ambler through
rugged terrain. To date. the Ambler has autonomously

walked over a kilometer in rolling terrain, negotiating
ramps, boulders, and trenches.

This paper has focused on the design decisions that
produce competent, reliable, and efficient behavior.
The Ambler is highly mobile, capable of walking in
extreme terrain, and the associated perception, plan-
ning and control algorithms enable the system to take
advantage of this high degree of mobility. A hierarchy
of hardware and software monitoring and error recov-
ery strategies produce reliable behavior over a wide
range of conditions. The Ambler’s orthogonal legs
and level body motion combine to eliminate geomet-
ric work, making it a power efficient walker. Finally,
careful algorithm design and the use of concurrency
reduce the time spent in computation, which yields a
more time efficient rover.

The Ambler is part of a comprehensive project to
develop a complete robotic explorer. To this end, we
intend to add on-board power and wireless telemetry in
order to test the Ambler outdoors in more difficult ter-
rain and varied conditions. Experiments in long-term,
autonomous operation will continue, both indoors and
out. We also plan to extend previous work in sample
acquisition [4], which will include adding a manipula-
tor arm to the Ambler. We anticipate that these efforts
will lead to new insights into the technologies needed
for autonomous planetary exploration by robots.
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